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SUMMARY 

The Vav family of RhoGEFs are large proteins that contain domains important for binding to 

other proteins and an enzymatic domain that activates RhoGTPases, small proteins that 

catalyze cytoskeletal re-organization. There are 3 Vav family members, Vav1, Vav2 and 

Vav3. Vav1 and Vav2 are important regulators of lymphocyte development and function, 

with Vav1 being mainly important for T cells and Vav2 central to B cells. We hypothesized 

that Vav family members were also essential for phagocyte functions, specifically 

macrophages and neutrophils. Our initial studies were on Vav1 and Vav2 knockout mice but 

were expanded to Vav3 knockout mice when these became available. 

 

Analysis of Vav1 and Vav2 mutant macrophages and neutrophils revealed that despite high 

expression levels of Vav1 in these cells, major phagocyte functions such as phagocytosis, 

TNF# production, migration, and actin polymerization were not affected by the loss of both 

Vav1 and Vav2. However, expression of Vav3 was particularly high in phagocytes and when 

Vav3 knockout phagocytes became available and were tested for the same functions, it 

became clear that Vav3 is a critical regulator of myeloid cell functions. In the absence of 

Vav3, neutrophils were defective in migration, actin polymerization and ROS production. 

 

In order to test the requirement for Vav3 in the immune system, we used two in vivo models 

that depend on macrophages and neutrophils, among other cell types: thioglycolate (TG)-

induced peritonitis to model infection, and wound healing responses. Use of TG to induce 

peritonitis in Vav3-/- mice showed a distinct defect in macrophage recruitment to the 

peritoneum, demonstrating a role for Vav3 in macrophage functions in vivo. With our 

investigations into wound healing in Vav3-/- knockout mice and Vav1-/- Vav3-/- double 

knockout mice, a specific role for Vav3 in macrophages was identified. We found that 

wounds heal slower in Vav3-/- mice than in wildtype mice. Furthermore, our investigations 

revealed that Vav3 is required for signaling downstream of "2-integrin receptors in 

macrophage adhesion and phagocytosis of apoptotic neutrophils. Without this critical step, 

macrophages are not stimulated to produce ROS and active TGF- "1, which is required for 

activating myoblasts in wound closure. Therefore, Vav3 is a critical regulator of macrophages 

and of neutrophils in signaling leading to actin-dependent cytoskeleton functions such as 

adhesion, migration and phagocytosis. 
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ZUSAMMENFASSUNG 

Die Vertreter der Vav-Familie von RhoGEFs sind große Proteine, die wichtige Domänen für 

die Bindung an andere Proteine des Zytoskeletts enthalten und damit deren Reorganisation 

katalysieren. Es gibt 3 Mitglieder der Vav-Familie: Vav1, Vav2 und Vav3. Vav1 und Vav2 

sind wichtige Regulatoren während der Lymphozytenentwicklung und ihrer Zellfunktion. 

Vav1 ist hauptsächlich wichtig für T-Zellen und Vav2 spielt besonders eine zentrale Rolle in 

B-Zellen. Wir nahmen an, dass die Vav-Familienmitglieder auch in Phagozyten eine wichtige 

Funktion besitzen und legten den Fokus speziell auf Makrophagen und Neutrophile. Unsere 

ersten Studien waren über Vav1- und Vav2-Knockout-Mäuse, wurden aber auf 

Vav3-Knockout-Mäuse erweitert, als diese verfügbar waren. 

Die Analyse der Vav1- und Vav2-defizienten-Makrophagen und Neutrophile zeigte jedoch, 

dass trotz der hohen Expression von Vav1 in diesen Zellen, die Hauptfunktionen von 

Makrophagen, wie z. B. Phagozytose, TNF#-Produktion, Migration und Aktinpolymerisation 

nicht durch den Verlust von sowohl Vav1 als auch Vav2 betroffen waren. Allerdings war die 

Expression von Vav3 besonders hoch in Phagozyten und als Vav3-Knockout-Phagozyten 

verfügbar wurden, analysierten wir die oben genannten Funktionen und konnten zeigen, dass  

Vav3 ein wichtiger Regulator in der myeloiden Zellpopulation ist. Vav3-defiziente 

Neutrophile zeigten eine beeinträchtigte Migration, Aktinpolymerisation und Produktion von 

Sauerstoffradikalen (ROS). 

Um die Aufgabe von Vav3 im Immunsystem zu testen nutzten wir zwei in vivo Modelle, die 

hauptsächlich Makrophagen und Neutrophile beeinflussen, aber auch andere Zelltypen 

betreffen. Als erstes Infektionsmodell nutzten wir die durch Thioglykolat(TG)-induzierte 

Peritonitis. Als zweites Modell analysierten wir direkt die Wundheilung der Haut.  

Im Peritonitis-Modell zeigten Vav3-/- Mäuse einen deutlichen Defekt in der Makrophagen-

Rekrutierung ins Peritoneum, wodurch eine wichtige in vivo Rolle von Vav3 in Makrophagen 

bestätigt ist. Unsere Untersuchungen der Wundheilung von Vav3-/- und Vav1-/-Vav3-/--Mäuse 

identifizierte eine besondere Rolle für Vav3 in Makrophagen, da die Wunden in Vav3-/- 

Mäusen langsamer heilten als in Wildtyp-Mäusen. 

Darüber hinaus ergaben unsere Analysen, dass Vav3 für die Signalgebung unterhalb der 

"2-Integrin-Rezeptoren während der Makrophagen-Adhäsion und -Phagozytose von 

apoptotischen Neutrophilen erforderlich ist. Ohne diesen wichtigen Schritt produzieren 

Makrophagen keine ROS und kein aktives TGF-"1, was jedoch für die Aktivierung von 

Myoblasten in der Wunde und für die Wundheilung erforderlich ist. Vav3 ist daher ein 

kritischer Regulator bei der Signalvermittlung zum Aktinzytoskelett während der wichtigen 

Prozesse wie Adhäsion, Migration und Phagozytose in Makrophagen und Neutrophilen.
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ABBREVIATIONS 

AD   Acid domain 
APC   Allophycocyanin 
APS   Ammoniumpersulfate 
Arp2/3 Actin related protein 2/3 
ATF-2 Activating transcription factor 2 
BCR   B-cell receptor 
BDS faf Bovine serum albumin fat acid free 
BLNK Bcell Linker 
BM Bone Marrow 
BMM   Bone marrow Macrophage 
BSA   Bovine serum albumin 
CCR2   Chemokine Receptor 2 
CGD   Chronic Granulomatosous Disease 
CH domain  Calpoin homology domain 
CMFDA  CellTracker Green (5-chloromethylfluorescein diacetate) 
CMRA   Cell tracker orange 
CR   Complement receptor 
CSF-1  Colony stimulating factor-1 
DC   Dentritic Cells 
DH domain  dbl homology  domain 
DIAP3 Drosophila Inhibitor Protein 3 
DMSO  Dimethylsulfoxide 
ECM   Extracellular matrix 
ELISA  Enzyme-linked immunosorbent Assay 
ERK1/2 Extracellular signal-regulated Kinase 1/2 
FACS    Fluorescence activated cell sorting 
Fbg   Fibrinogen 
FCS   Fetal calf serum 
FITC   Fluorescein isothiocyanat 
FN   Fibronectin 
GDI   GDP dissociation inhibitor 
GDP   Guanine-di-phosphate 
GEF   Guanine nucleotide exchange factors 
GM-CSF  Granulocyte macrophages colony stimulating factor 
GTP    Guanine 5´-triphosphate 
GTPas  Guanine triphosphatase 
HBSS   Hanks balanced salt solution 
HRP   Horseradish peroxidise 
ICAM  Intracellular adhesion molecule 
IFN   Interferon 
IL   Interleukin 
ITAMs  Immune-receptor-tyrosine based motifs 
LAD   Leukocyte Adhesion Deficiencies 
LAT Linker for Activation of Tcell 
LIMK LIM motif-containing protein kinase 
LPS   Lipopolysaccharides 
LTB4   Leukotriene B4 
mAb    Monoclonal antibody 
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MAP Mitogen-activated protein 
MAPK Mitogen-activated protein kinase 
MCP-1  Monocyte chemotactic protein-1 
M-CSF  Macrophages-colony stimulating factor 
MFI   Mean fluorescent intensity 
mfMLP  Murine Formyl-Methionyl-Leucyl-Phenylalanine 
MIP1  Macrophages inflammatory protein 1!# 
MPO   Myeloperoxidase 
MTOC Microtubule-organising Center 
NF-AT Nuclear factor of activated T-cells 
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ROS   Reactive oxygen species 
RT   Room temperature 
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Src   Rous sarcoma 
SRF Serum Response Factor 
Syk   Spleen tyrosine kinase 
TCR   T cell receptor 
TG   Thioglycollate 

TGF"  Tumor growth factor " 

TGF" R  Tumor growth factor receptor 

TLR   Toll-like receptor 
TNF   Tumor necrosis factor 
VEGF  Vascular endothelial growth factor 
vWF   von Willebrand factor 
WASp Wiskott-Aldrich Syndrome Protein 
WAVE WASP family Verprolin-homologous protein 
ZF   Zinc finger 
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INTRODUCTION 

Hematopoietic cells are the most motile cells in the body. Two key cell types that are central 

to the innate immune system are macrophages and neutrophils, part of a group of cells known 

as phagocytes. In order for macrophages and neutrophils to fulfill their roles in immunity, 

they must be able to detect threats such as pathogenic bacteria and effectively hunt them 

down and kill them. This warrior-like role requires that phagocytes are able to modify their 

cytoskeleton to meet many physical challenges: in order to migrate to the site of infection, 

they adhere to endothelial cells, extravasate through endothelial barriers, migrate through 

extracellular tissue, then polarize in the correct direction of a target, where they secrete 

reactive oxygen species and bactericidal peptides, and phagocytose bacteria and apoptotic 

cells. These processes are guided at every step by the phagocyte’s interactions with its 

environment, via cell surface receptors such as chemokine receptors and integrin receptors. 

Signaling from these receptors to a responsive actin cytoskeleton is critical for macrophages 

(MØ) and neutrophils (also known as polymorphonuclear cells, or NØ) to fulfill their roles in 

immunity. In this report, I outline our investigations into the signaling proteins that link 

receptors on neutrophils and macrophages to signaling to actin and other outcomes, in vitro 

and in an in vivo physiological context. 

 

1 Phagocytes: monocytes, macrophages and neutrophils                                                                                                                                                          

Innate immunity represents the first line of defense against microbial pathogens. Within hours 

of an infection, cells of the innate immune system recognize and attack the invader, as well as 

initiate inflammatory reactions that will provoke the specific responses of adaptive immunity. 

The first leukocyte responders in an infection are known as phagocytes (“cell-eaters”). There 

are alltogether 5 types of professional phagocytes: macrophages, neutrophils, monocytes, 

dendritic cells and mast cells but macrophages (and their precursor monocytes) and 

neutrophils are the most numerous and the most aggressive phagocytes. Professional 

phagocyte cells have the capacity to recognize pathogens via specialized receptors, such as 

complement receptors, pattern recognition receptors, or receptors against the Fc portion of 

antibodies 1. Phagocytes are usually primed for activation by exposure to inflammatory 

cytokines. When they recognize a target cells via their specialized receptors, the receptors 

trigger signaling cascades that cause the membrane of the phagocyte to surround the target 

cell until it is completely inside the phagocyte. The membrane surrounding the engulfed target 
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cell then fuses with a lysosome containing lethal oxygen or nitrogen radical compounds that 

rapidly kill the target cell 2. 

 

Phagocytes recognize a wide variety of bacteria-, protozoa- and virally-infected cells, and 

malignant or apoptotic cells, through an equally wide spectrum of cell surface receptors. 

Depending on the nature of the phagocytic target and the specific signaling pathways 

triggered by the activated receptors, macrophages can invoke varying inflammatory responses 

through production of inflammatory mediators and cytokines. Some of the best characterized 

receptors include Fc! receptors, which recognize the Fc portion of antibodies coating bacterial 

cells (opsonized bacteria) or antigen, and complement receptors, which recognize fragments 

of various complement proteins. The major complement receptors are integrins such as CR3 

(also known as #M"2 or CD11b/CD18 or MacI), which responds to complement-coated or 

non-complement-coated targets, or the integrin receptors for fibronectin (#5"1; also known as 

VLA-5) and vitronectin (#v"3). Also, phagocytes expressing the Toll-like receptors (TLR) are 

extremely important in recognition of bacteria and propagation of innate immunity. At least 

ten TLRs are known to detect many different microbial components, which then signal to the 

activation of pro-inflammatory genes 3. 

 

Macrophages reside in many tissues but develop from monocytes that emerge from the bone 

marrow and circulate in the blood. Neutrophils develop from myeloid progenitors in the bone 

marrow. After the onset of an infection, the rapidly moving and short-lived neutrophils arrive 

in less than an hour at the infection site, followed after one or more days by the macrophages. 

The phagocytes play multiple roles in host defense that are discussed in more detail below, 

but their primary role in an infection is to phagocytose pathogenic invaders. The importance 

of these cells to immunity is seen in patients with Leukocyte Adhesion Deficiencies (LAD) or 

Chronic Granulomatous Disease (CGD) that result from molecular defects in integrins or 

enzymes regulating oxidative killing. These patients therefore lack functional phagocytes and 

are susceptible to frequent and dangerous infections by bacteria 4,5. 

 

1.1 Monocytes 

Monocytes are the bone marrow-derived precursors of macrophages that circulate in the blood 

and are professional phagocytes that also produce cytokines and chemokines during an 

infection or inflammation. They are part of the mononuclear leukocyte group, which in the 
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innate immune system includes macrophages and dendritic cells (DCs). There are 2 main 

groups of monocytes, resident and inflammatory monocytes, that are distinguished by their 

surface markers and by their potential to either replenish resident macrophages or DCs or to 

become inflammatory macrophages. In mice, both subsets of monocytes (inflammatory, or 

classical, and resident, or non-classical) can be identified by expression of CD115 (M-CSF), 

F4/80low, CD11b, and Ly6C (high on inflammatory and low on resident monocytes). 

Additional markers for chemokine receptors (CX3CR1 and CCR2) help to distinguish 

between the 2 sets. They develop in the bone marrow from dividing monoblasts and released 

in the blood stream as non-dividing cells. They are important to the innate immune system 

because they are extremely motile and circulate anywhere in the body, until they differentiate 

into DCs and macrophages. Although DCs are motile too, they are limited in their ability to 

travel and move mainly back to the lymph nodes to present antigen to T- cells, and tissue 

resident macrophages do not re-circulate around the body. Therefore monocytes are the first 

responders, along with neutrophils, to infections and trigger activation and recruitment of 

macrophages and DCs.  

 

1.2 Macrophages 

Macrophages develop from circulating blood monocytes and depending on their type, they 

either take up residence in tissues or fight infections. The “resident macrophages” are known 

by tissue-specific names, for example, histiocytes in connective tissue, Kupfer cells in liver, 

alveolar macrophages in lung, microglial cells in the nervous system, osteoclasts in bone, and 

also simply as lymph node macrophages, spleen macrophages, bone marrow macrophages 

and serous liquid (pleural or peritoneal) macrophages, among others. Resident macrophages 

perform the important role of clearing the body of unnecessary or senescent cells by 

phagocytosis of self-cells. Autologous phagocytosis does not trigger production of 

inflammatory cytokines, as phagocytosis of bacteria or other pathogens does. The 

“inflammatory macrophages” enter the tissue in response to inflammatory stimulus and 

migrate to the sites of infection. The two types of macrophages can be distinguished by 

expression levels of MacI and F4/80: all macrophages can be identified by expression of MacI 

and F4/80 and the absence of Ly6C, however F4/80 is expressed at high levels on resident 

macrophages and at lower levels on inflammatory macrophages. 
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Macrophages are relatively large (22 µm on average) and complex, since they control at least 

5 main cellular processes. First, as mentioned above, they regulate tissue remodeling through 

self phagocytosis. Second, they phagocytose pathogens and associated necrotic tissue, which 

requires the ability to migrate through tissues to the site of infection. Third, they are 

professional antigen-presenting cells (APCs) that can activate lymphocytes. When activated 

by inflammatory cytokines such as interferons (mainly IFN!, but also IFN# and IFN"), 

granulocyte macrophage–colony stimulating factor (GM-CSF), G-CSF, or TNF#, they 

express inflammatory cytokines and upregulate expression levels of MHC class II molecules 

in preparation for antigen presentation. Fourth, they stimulate tissue repair, described in more 

detail below. Fifth, they produce a huge array of substances to control immunity, from ROS 

and cytokines, to bioactive lipids and tissue remodeling factors. In order to coordinate these 

various responses, macrophage cell surface receptors have to respond to extracellular signals 

and initiate the appropriate signaling cascades to organize their responses.  

 

1.3 Neutrophils 

Neutrophils (also known as granulocytes or PMNs) are highly motile cells that are the first 

cells recruited in a crisis situation such as infection or damage. They are formed in the bone 

marrow from the same progenitor as monocyte-macrophage cells and progress through 

various developmental stages until maturation, which is an end-stage differentiation 6,7. 

Neutrophils represent more than half of circulating leukocytes and more than 90% of 

circulating phagocytes. They are characterized by high levels of Gr-1 and are CD11b+ and 

F4/80- 8,9. 

 

Similar to macrophages, neutrophils have to be able to be activated by cytokines, be attracted 

to sites of infections by chemokines, adhere, polarize, extravasate and migrate (all 

cytoskeleton-dependent functions) and above all, to kill bacteria. Neutrophils have 3 main 

methods of killing bacteria: phagocytosis, release of toxic granules, and release of neutrophil 

extracellular traps (NETs). Neutrophils contain 3 different kinds of granules that contain 

enzymes dangerous for bacteria, such as lactoferrin (to deprive bacteria of needed iron), 

various proteases (to cleave bacterial peptides) and myeloperoxidase (MPO) (to kill bacteria 

with ROS)10,11. Following phagocytosis, the neutrophils secrete their granule contents to 

implement a second wave of killing. A third wave of killing is executed by neutrophils 

producing NETs 11. Unlike macrophages, neutrophils kill themselves by apoptosis after 
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fulfilling phagocytosing and granule release. Neutrophil apoptosis is thought to serve two 

purposes: it prevents bacteria from evading host defense by colonizing neutrophils, as some 

bacteria do with macrophages (for ex., M. tuberculosis, Listeria monocytogenes), and it 

allows the neutrophils to release extracellular nets. Extracellular nets are composed of 

chromatin strands knotted around histones, which possess microbicidal activity, and dotted 

with various microbicidal peptides and enzymes. The dead bodies of neutrophils form the 

bulk of pus secretions from wounds, and the MPO enzyme gives the pus its green color. 

 

2 Phagocytes in vivo 

I report here on the use of two well-known and established experimental models to study Vav 

roles in macrophages and neutrophils in vivo. First, I tested neutrophil migration to the 

peritoneum in an aseptic infection using injection of thioglycolate. Second, a slightly more 

complex function for phagocytes was tested in healing of wounds made to the skin.  

 

2.1 Peritonitis model of inflammation 

The peritoneum is the membrane that forms the lining of the abdominal cavity and that covers 

most of the intra-abdominal organs. Peritonitis is an inflammation of the peritoneal lining or 

cavity, and can occur with either a perforation of the intestines or by spreading of infection 

through the wall of one of the abdominal organs. Thioglycolate injection directly into the 

abdominal cavity models this process by inducing the recruitment of large numbers of 

neutrophils. Under normal conditions, resident macrophages are present in the peritoneum. 

Following thioglycolate injection, the first wave of recruited cells are the neutrophils, 

followed after approximately 12 hours by the inflammatory macrophages 12-14. 

 

The inflammatory macrophages in the peritoneum are recruited from peripheral blood 

monocytes that emigrate from the intravascular space and that have undergone differentiation. 

To get to the peritoneum, leukocytes have to cross several barriers including vascular 

endothelial cells, and various layers of the peritoneal membrane including the interstitium 

within the peritoneal membrane and the peritoneal mesothelial cells and their associated 

membrane. A low level of trafficking of monocytes and granulocytes occurs continuously into 

the peritoneal space, but during an inflammatory response chemoattractants are able to recruit 

a huge amount of leukocytes to the injured site. Resident macrophages produce the first 
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chemokines that attract neutrophils, including MCP-1 and MIP1#, which bind to chemokine 

receptor CCR2, and mutation of CCR2 in mice protects mice against induced peritonitis. 

This time-dependent migration is highly regulated by the expression and production of 

chemokines and adhesion molecules. Four hours after the injection, the neutrophils arrive and 

their numbers peak at 4 hours. As the neutrophils start to apoptose, they are phagocytosed by 

the arriving macrophages whose numbers peak at approximately 24-48 hours after injection 

12-14. 

 

2.2 Wound Healing model of inflammation and tissue repair 

2.2.1 Phases of the Wound healing process  

The skin is the largest organ of the body and acts as the first line of defense against external 

agents such as bacteria, viruses or other factors like dangerous compounds. Any kind of 

wound to the skin must be rapidly healed, to maintain its protective functions. Wound healing 

is a complex and dynamic process that is broadly defined by four sequential phases that 

overlap: clotting, inflammation, granulation tissue formation and re-epithelialization 15. The 

blood clotting is normally fast, under 30 minutes. The inflammation phase lasts 1-4 days and 

involves the recruitment of leukocytes and the destruction of bacteria. The granulation tissue 

phase lasts 4-21 days and involves the formation of a preliminary tissue, which requires a 

temporary extra-cellular matrix (ECM), angiogenesis to supply the area with blood, and 

wound contracture, to pull the edges of the wound together. In the regeneration phase, which 

takes 21 days to a year or more, the temporary ECM is made permanent by the deposition of a 

strong layer of mature collagen and epithelial cells that increases the strength of the healed 

tissues, and this process can take up to a year or longer 15. 

 

2.2.2 Clotting and inflammation phase 

The inflammation phase is initiated by the formation of a fibrin blood clot. The fibrin clot is 

composed of collagen, platelets, thrombin and fibronectin. Platelets entrapped and aggregated 

in the blood clot release large amounts of TGF"1, inducing a massive migration of 

neutrophils, as well as growth factors like platelet-derived growth factor (PDGF) and TGF-"1, 

and along with others factors like IL-1, TNF# and bacterial products that also induce 

neutrophil recruitment. The fibrin clot also acts as a scaffold for recruited cells such as 

neutrophils, monocytes, fibroblasts and endothelial cells, to begin the process of repair. 
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Neutrophils begin by cleaning the wound of cellular debris and release ROS and proteolytic 

enzymes to kill any invading bacteria. As soon as they have phagocytosed bacteria, 

neutrophils become apoptotic and attract macrophages that adhere to them and phagocytose 

them 16.  

 

Monocytes migrate into the wound after injury and differentiate into macrophages. 

Macrophages have two main functions: finish up the inflammation phase by scavenging 

bacteria and cellular debris, and initiate wound rebuilding by activating fibroblasts. 

Macrophages activate fibroblasts by secreting TGF-"1, which promotes the differentiation of 

fibroblasts into myofibroblasts. Because of this role, TGF-"1 is one of the most important 

cytokines in wound healing 17,18. There are three TGF-"1 isoforms that are synthesized as 

latent precursors and secreted as a complex with TGF-"1 binding protein, which is then 

removed extra-cellularly via proteolytic cleavage. The latent form of TGF-"1 is produced and 

sequestered in the wound matrix, allowing sustained release by proteolytic enzymes to ensure 

a steady supply of it. TGF-"1 acts to promote myofibroblasts, which in turn activate fibroblast 

chemotaxis, proliferation and collagen synthesis. Moreover, myofibroblasts, which are 

analogous to smooth muscle cells, are responsible for wound contracture. They achieve this 

by binding to the wound edge and to each other, by reaching out across the ECM. 

 

2.2.3 Granulation tissue phase 

In the granulation phase, fibroblasts act to shift the micro-environment away from 

inflammation to the synthesis of granulation tissue. Granulation tissue is a temporary wound 

filling that looks “granulated”, with round pink bumps of tissue that are not yet covered with 

epithelial cells. Monocytes secrete various growth factors to act on non-hematopoietic cells to 

stimulate synthesis of a temporary ECM, such as PDGF, a growth factor for fibroblasts, and 

vascular endothelial growth factor (VEGF), a growth factor for endothelial cells. Adherence 

to the ECM stimulates monocytes to develop into inflammatory macrophages and produce 

various cytokines such as TGF-"1, colony stimulating factor 1 (CSF-1), a cytokine necessary 

for the survival of monocytes and macrophages, and TNF#, a potent inflammatory cytokine. 

Fibroblasts work together with keratinocytes and endothelial cells to supply vascularization 

and collagen synthesis to the wound. This initiates the final, re-epithelialization stage of 

wound healing. 
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3 Phagocyte recruitment  

3.1 Integrins 

In response to specific chemokines, monocytes are recruited to a site of inflammation by 

migrating out of the blood vessels and through the tissues. This process is regulated by the 

sequential upregulation and activation of various adhesion molecules, including integrins 19. 

First, selectins expressed on the surface of endothelial cells trigger the monocytes to move to 

the walls of the vessel and become lightly adherent, triggering a rolling movement along the 

walls in the direction of blood flow. Next, activation of integrins causes firm adhesion and 

arrest of the monocytes on the wall of the blood vessel. Finally, the monocytes can 

transmigrate through the endothelial cells (also known as extravasate, meaning leaving the 

blood vessel) and invade the site of inflammation or tissue damage. Once in the site, 

monocytes can mature into macrophages and can be activated 20.  

 

The importance of integrins to immunity is demonstrated in patients with mutations in various 

integrin components and signaling components, known collectively as “leukocyte adhesion 

deficiency” (LAD) 5. Patients with LAD suffer from recurrent bacterial infections and delayed 

wound healing. The main function of integrins is to attach the cell – either to other cells, to 

pathogens, or to the extracellular matrix (ECM). Since leukocytes are so motile, integrin 

attachment on these cells is often transient and used to generate contractile force, so the cell 

can move itself forward. Integrins are initially activated by signaling from another receptor on 

the cell, for example, chemokine signaling or antigen receptor signaling. This initial signal 

triggers a conformational change in the integrin that enables it to bind to its ligands in a 

process called “inside-out” signaling. Once the integrin binds to its ligand, it in turn activates 

an intracellular signaling cascade known as “outside-in” signaling that activates the actin 

cytoskeleton and gene transcription 19.  

 

There are approximately 25 different integrins in vertebrates, of which the two most important 

for neutrophils are "2-integrins Lfa-1 and MacI, consisting of two distinct # subunits 

(CD11a/#L[part of Lfa-1], CD11b/#M[part of MacI]) that are bound to a common "2-subunit 

(CD18). Their ligands are ICAM-1, which serves as ligand for both Lfa-1 and MacI, and 

ICAM-2, which can bind only to Lfa-1. Mice with a mutation in CD18, resulting in a 

complete knockout of all "2-integrins, have severe defects in clearing bacterial and fungal 
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infections, and wound healing 21. The wound healing defect was shown to be due to a lack of 

TGF-"1, produced by macrophages upon apoptosing neutrophils in the wound site 22. 

 

Integrins regulate cell attachment, and are required for both non-migratory cells as well as 

migrating cells. An attached cell has strong, well-established integrin-signaling protein 

complexes known as focal adhesions. A migrating cell initially receives a signal, such as a 

chemokine, that triggers its polarization in the direction of movement. This involves 

reorganization of the microtubule organizing complex and various receptor signaling 

complexes so that a cell has a front and a back. The polarized cell then puts out a protrusion, 

such as lamellipodia or filopodia (which require Rho GTPases), to sense the environment and 

to generate initial forward force. The formation of small integrin clusters and signaling 

proteins known as focal complexes allows the cell to lash actin cables to the integrins holding 

on to the exterior surface, whether substratum or another cell. With the contractile force 

generated by myosin II proteins interacting with actin, the cell can pull itself in the direction 

of travel. The light, small focal complexes can then be easily disassembled at the back of the 

cell as it lifts up and moves forward. 

 

3.2 Rho GTPases 

One of the most important groups of proteins involved in actin dynamics is the Rho GTPase 

family. These small, universally expressed GTP/GDP-bound proteins act as switches for the 

activation of signaling modules that regulates actin structures such as filopodia, lamellipodia, 

podosomes, and focal adhesions 23,24. Signaling by Rho GTPases is essential for lymphocyte 

development and functions, as shown by mice with targeted mutations in GTPases. GTPases 

act as molecular switches, and cycle between two states: an active conformation (GTPase is 

binding GTP – guanosine 5’-triphosphate) and an inactive conformation (GTPase is binding 

GDP – guanosine 5’ diphosphate). In the active GTP bound form, the GTPase can transmit 

signals to proteins it binds to. Rho GTPases are de-activated by GTPase-activating proteins 

(GAPs), which hydrolyze the bound GTP, and are activated by guanine nucleotide exchange 

factors (RhoGEFs), which catalyze the exchange of GTP for GDP 24.  
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4 Vav family of RhoGEFs 

4.1 Structure 

Rho GTPases are expressed almost universally in all cell types and organisms, however, their 

activators, RhoGEFS, possess unique collections of protein interaction domains and are often 

restricted in expression to subsets of tissues. Therefore, the activation of Rho GTPases in 

specific signaling contexts is likely organized by the localization and protein-interaction 

domains of the RhoGEFs. The Vav family of RhoGEFs consists of Vav1, Vav2 and Vav3. All 

three Vav proteins have the same protein interaction domains, which include a calponin-

homology domain (CH domain), an acidic domain (AD), a dbl homology domain (DH), a 

pleckstrin homology (PH) domain, a zinc finger (ZF) domain, two SH3 domains, and an SH2 

domain 25. Vav proteins are the only GEFs identified to date to contain an SH2 domain which 

suggests that they are the only GEFs that can directly link signals emanating from tyrosine 

phosphorylated receptors to actin polymerization 26-28.  

 

4.2 Vav Catalytic activity 

Vav catalytic activity is complex, consistent with multi-domain proteins. The five N-terminal 

domains are bound together in an inhibitory conformation that is relieved by multi-step 

tyrosine phosphorylation, with the critical tyrosine residue being Y174 29. Vav is 

phosphorylated by Syk kinases, including Syk and Zap-70, after their activation by Src 

kinases. When Y174 is not phosphorylated it binds to the Rac1 binding region located on the 

catalytic domain, forming an auto-inhibitory loop that can be released after phosphorylation, 

leading to Vav1 activation 30. Analysis of the catalytic specificities of the Vav proteins 

indicated that they target different Rho GTPases. Thus, Vav1 works catalytically on Rac1, 

Rac2 and RhoG but is significantly less active on RhoA proteins. In contrast, Vav2 and Vav3 

act catalytically on RhoA and RhoG GTPases but are less active on Rac1. There is 

disagreement about whether Vav GEFs can activate Cdc42, with some reports showing no 

role for Vavs, while others show some Vav activation; further studies will be required to 

resolve this issue 28. Vav1 activity is also dependent on phosphorylated forms of 

phospatidylinositol (PI) binding to the PH domain. Activity of phosphorylated Vav1 increases 

two-fold when incubated with either PI-3,4-P2 or PIP3, two product of the PI3K and inhibited 

in the presence of PI3K substrate PIP2 31. These studies are in line with the evidence showing 

a role for Vav in signaling to calcium, which involves PIP2 32,33. 
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4.3 Expression 

Whereas Vav1 is expressed mainly in hematopoietic cells 34, Vav2 and Vav3 are more widely 

expressed. There is variability in the levels of expression of Vav proteins within the immune 

system. Vav1 is expressed at similar levels in B cells and T cells, whereas Vav2 seems to be 

highly expressed in B cells and not as much in T cells 35. Consistent with this expression data, 

Vav2 is required, along with Vav1, for normal B cell development and function. Similarly, 

Vav2 is not highly expressed in bone marrow macrophages (BMM) and neutrophils, although 

Vav1 and Vav3 are 36,37. In fact, it was estimated that Vav1 and Vav3 represent over 99% of 

Vav protein in neutrophils 37. Therefore, expression data would indicate an important role for 

both Vav1 and Vav3 in phagocytes. 

 

5 Vav in signaling 

5.1 Multiple receptors activate Vav 

The importance of Vav proteins is illustrated by their involvement in numerous signaling 

pathways in a wide variety of cells 25. Vav was initially implicated in signaling downstream of 

T and B cell receptors, PDGF and EGF receptors, and Fc! RI, but has now been assigned to 

over 35 membrane receptor signaling pathways. These include receptor protein kinases like c-

Kit and Flk-2/Flt-3; Fc! receptor recruitment mediated by src-family kinases; and upon fMLP 

stimulation in neutrophils and macrophages; and finally upon integrin-dependent Syk 

activation in macrophages 25.  

 

Vav proteins can bind via their SH2 domain directly to phosphorylated receptor tails or to 

receptor-activated cytoplasmic kinases 38. The most intensively studied of these are the Syk 

and Zap kinases, two kinases that contain two SH2 domains and two regulatory regions. Syk 

is expressed in hematopoietic-derived cells such as B lymphocytes, basophils, NK cells, 

immature T cells, neutrophils and macrophages. In contrast, Zap-70 is specifically distributed 

in T lymphocytes. Vav proteins are also implicated in signaling downstream of cytokines via 

the Jak family of kinases. Unlike the Syk proteins, these kinases are constitutively associated 

with the cytoplasmic tails of cytokine receptors, becoming activated by cross phosphorylation 

after the aggregation of the receptors induced by the binding with the cytokines. Finally, 

several Src proteins induce an efficient phosphorylation and activation of the GTP-GDP 

exchange activity in all mammalian Vav members when they are use in vitro or over-

expressed 38.  
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Although Vav proteins are essential for antigen receptor function in lymphocytes, several 

lines of evidence suggest that they are also important for myeloid cells. Vav1 is tyrosine 

phosphorylated in response to activators of phagocytes, including IFN-!, LPS and cross-

linking of Fc! RI (CD64), Fc! RII (CD32) and Fc! RIII (CD16) 25. Signaling activated by Fc! 

receptors is similar to that activated by antigen receptors on lymphocytes, since both types of 

receptors contain conserved residues known as immuno-receptor tyrosine-based activation 

motifs (ITAMs). Activation of the Fc! receptors results in tyrosine phosphorylation of 

ITAMs, probably by Src kinases, and subsequent recruitment of signaling molecules also 

required in BCR and TCR signaling such as Syk kinase, LAT, the adaptor proteins Slp-76 and 

Slp-65 (BLNK), and the actin-regulating proteins WASp, NCK, cofilin and gelsolin 39. 

Moreover, it was recently shown that ITAM-containing adaptor proteins are essential for 

integrin signaling in neutrophils 40. Thus, it is likely that Vav proteins relay signals from 

ITAM-based receptors including integrins in phagocytes.  

 

5.2 Vav proteins in integrin signaling 

Vav1 has long been implicated in integrin signaling, mainly in response to the "2-family of 

integrins. Vav is phosphorylated in response to "1- and "2-integrin ligation in T cells, myeloid 

cells such as neutrophils and macrophages, NK cells 41, and platelets, and participates in 

cytoskeletal reorganization to "3 ligands 42,43 and other integrin-dependent functions such as 

cell spreading 44,45. Other papers have reported roles for Vav proteins in "1, "2 and "3 

adhesion 46-48. More recently, it was shown that Vav proteins regulate integrin adhesion in 

dendritic cells and osteoclasts 49,50. 

 

The integrin Lfa-1 is extremely important for T cell functions. It enables the formation of the 

immune synapse, an organized structure of signaling molecules for the collection and 

propagation of TCR signals. Lfa-1 on the surface of the T cell binds to ligands on the target 

cell and forms a ring around the TCR molecules 51. Vav1 is required for the clustering of 

Lfa-1 molecules on T cells, upstream of T cell activation 52,53. Vav1 is also required for TCR 

and lipid raft clustering and polarization of the microtubule organizing center (MTOC) 53,54. 

Together, these findings seem to show that Vav is important in inside-out signaling to Lfa-1 

clustering and in organization of other signaling proteins involved in determining polarity of 

the T cell, either for migration or for synapse formation. 
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Vav proteins are also important for integrin signaling in phagocytes. Syk binding to Vav and 

to "2-integrins is required for stabilization of the leading edge of migrating human neutrophils 

55. Vav1 and Vav3 proteins are required for phagocytosis activated by CR3 receptors (also 

known as MacI integrin receptors) in macrophages, but not for phagocytosis activated by Fc! 

receptors 36,37. Moreover, Vav proteins are clearly involved in integrin signaling in 

neutrophils: Vav proteins are phosphorylated following "2 receptor ligation and Vav1 and 

Vav3 are required for integrin activation of signaling proteins (outside in signaling), 

spreading, and adhesion on integrin ligands 36. Surprisingly, given the polarization and 

adhesion defects in Vav1-/- Vav3-/- mutant neutrophils, chemotaxis of these neutrophils is 

normal, as measured in transwell and Zigmond chamber assays 36. Thus Vav1 and Vav3 play 

specific roles in phagocyte functions, likely in integrin signaling.  

 

5.3 Vav-activated signaling pathways 

Vav proteins activate three broadly defined biological responses: calcium signaling, MAPK 

activation and actin cytoskeleton-related responses 33,35. These signaling cascades in turn 

cause cellular proliferation, differentiation, adhesion or motility, and in the case of aberrant 

activation of Vav through truncation of the inhibitory domains, can even transform cell lines 

34,56,57. Vav1 likely regulates calcium by activating PLC! and production of phosphoinositides 

such as PIP2. PIP2 is a substrate for both PI3-K, in the production of PIP3, and PLC!, in the 

activation of calcium fluxing and protein kinase C (PKC). These phosphoinositides are 

critical for calcium signaling and PIP2 is also important for reorganization of the actin 

cytoskeleton. Vav proteins activate MAPK along 2 pathways: diacylglycerol (a second 

messenger produced by PLC!) is required for activation of a Ras GEF –RasGRP1, and 

through recruitment of Sos proteins, also RasGEFs, to the LAT adaptor protein. The 

activation of MAPKs controlled by Vav, such as ERK1/2 and JNK, phosphorylate various 

transcription factors important for lymphocyte functions such as c-Jun, ATF-2, NF-AT, SRF 

and NF-$B 28.  

 

5.4 Vav regulation of actin 

All three Vav proteins induce cytoskeletal reorganization such as lamellipodia, filopodia and 

stress fibers when expressed in cell lines. Vav proteins induce typical Rac1 and RhoG-like 

cytoskeletal changes in NIH 3T3 cells, including cell spreading, membrane raffling, formation 
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of extensive lamellipodia and contraction of the actinomyosin ring. These changes are the 

consequence of the extensive reorganization of F-actin induced by Vav proteins. In addition 

Vav2 and Vav3 also induce the roundup of cells, a phenotype observed upon transient 

expression of GTPases of the RhoA subfamily, and Vav3 associates with F-actin in several 

cytoskeletal structures. As mentioned above, Vav regulates actin-dependent processes in T 

cells such as re-orientation of the MTOC, clustering of TCR and activation of Lfa-1 clustering 

and adhesion. Vav most likely exerts its effects on the actin cytoskeleton through activation of 

Rho GTPases and their effector proteins. For example, the Cdc42 effector WASp in T cells 

binds to the Arp2/3 actin regulating complex to generate filopodia, while Rac activates the 

same complex via WAVE, to generate lamellipodia. Additionally, Cdc42 and Rac proteins 

activate DIAP3 (mDia2) to nucleate unbranched filaments, LIMK to phosphorylated cofilin 

and ROCK to inhibit phosphorylation of myosin light chain. Finally, a Vav/Rac pathway 

regulates Ezrin/Radixin/Moesin (ERM) proteins that enable the actin cytoskeleton to link to 

the plasma membrane, thus enhancing cell rigidity.  

 

6 Vav roles in T cells and B cells 

Our research group has generated Vav1 knockout mice and determined that Vav1 is required 

for development of thymocytes and T cells, and for formation of TCR clusters at the 

immunological synapse 33. Our group also generated Vav1-/- Vav2-/- mice and found that in 

the absence of both Vav1 and Vav2, B cell development and function is severely defective 35. 

Vav2-deficient mice have basically normal B cells and Vav1-deficient mice exhibit only 

minor defects. Despite these apparently normal B cell phenotypes, Vav1-Vav2-double mutant 

B cell numbers are greatly reduced and BCR-stimulated calcium mobilization is abolished, 

showing that Vav1 and Vav2 can compensate for each other in B cell development. I began 

our research into Vav1- and Vav2-mutant phagocytes at this point, before we obtained Vav3-/- 

mice.  

 

Vav3-/- mice were generated independently by other researchers, who reported that mice 

lacking all 3 Vav proteins – termed Vavnull mice – have no functional T or B cells 58. Vav2 

and Vav3 phenotypes were reported in many other tissues as well. In addition to its role in B 

cells, Vav2 has been implicated in many varied signaling pathways and tissues, including 

EGFR signaling 59, glaucoma in eyes 60, in breast cells 61, in vascular cells and blood pressure 

regulation 62 to cardiac homeostasis 63. Vav3 also plays many roles, including some in 
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prostate and breast cancer 64,65, in bone remodeling 49, angiogenesis, neurite outgrowth 66, 

cardiovascular regulation 67, and as I describe in the following section, in phagocytes. While 

the mechanisms for these varied systems are not always clear, a common theme for Vav 

proteins is that they link cell surface receptors to reorganization of the actin cytoskeleton. As 

our investigations were proceeding, other groups reported roles for Vav3 proteins in 

phagocytes, which will be described below. 

 

7 Vav roles in macrophages and neutrophils 

The functions of Vav proteins have been tested in phagocytes using cells from mice mutated 

in Vav1, Vav2, Vav3, or combinations of these. 

 

7.1 Vav in macrophages 

Before the availability of Vav3 knockout mice, Vav1 and Vav2 were shown to jointly 

regulate macrophage adhesion, with specific roles for Vav1 in slowing down migration and 

Vav2 in inhibiting ruffle formation 68. Another report showed that Vav1 is somehow involved 

in macrophage chemotaxis downstream of M-CSF, because dominant negative mutants of 

Vav expressed in macrophages blocked chemotaxis 69. Then, using Vav3 knockout mice, 

investigations into macrophages lacking all variants of Vav proteins revealed that Vav2 

expression is negligible in macrophages and that Vav2 is not required for macrophage 

functions. Vav1 and Vav3 are important to macrophage functions but redundant: so only 

Vav1-/- Vav3-/- macrophages show a phenotype, which was defective phagocytosis activated 

by MacI (also known as CR3) integrin receptors but not by Fc! receptors 37. Moreover, 

Arp2/3 recruitment to the phagocytic membrane around the ingested particle is defective in 

Vav, indicating that actin cytoskeleton formation around the phagosome requires Vav1 and 

Vav3 37. Interestingly, Vav1 and Vav3 are required for Fc! activation of ROS production, so 

they can also signal in macrophages in a different pathway from integrin attachment to 

cytoskeleton 70.  

 

7.2 Vav in neutrophils 

As neutrophils and macrophages are such complex cells, Vav functions can be tested in many 

specific receptor-activated pathways and outcomes. In response to the bacterial chemotactic 

peptide, Formyl-Methionyl-Leucyl-Phenylalanine (fMLP), Vav1-mutant neutrophils have 
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reduced ROS production and actin polymerization, leading to defective motility in vitro and 

mobility in vivo 71. As mentioned above, it was shown that Vav1 and Vav3 are required for 

MacI integrin receptor-induced phagocytosis and for integrin-mediated attachment. 

Vav1/Vav3-mutant neutrophils have difficulty adhering to surfaces such as ligand-coated 

plates in vitro or blood vessel walls in vivo, and are easily washed off 36. Signaling 

downstream of integrins to signaling proteins and GTPases is defective, but surprisingly, 

signaling from fMLP is normal in these neutrophils. And in another surprising finding, in 

contrast to the previous report, Vav1/Vav3-mutant neutrophils show normal chemotaxis to 

fMLP as well as in integrin-coated chambers 36.  

 

Vav proteins are critically important for ROS generation in neutrophils. LPS signaling uses 

Vav1/Vav2/Vav3 proteins for ROS production, p38 MAPK activation and production of pro-

inflammatory cytokines IL-10 and TNF# in neutrophils in conjunction with the important 

Toll-like receptor signaling protein, MyD88 72. And while it was known that the NADPH 

oxidase complex that regulates ROS production is a direct effector of Rac action, it was 

demonstrated that in human neutrophils, Vav1 associates directly with p67phox, a component 

of NADPH, and is required for fMLP activation of ROS 73. Fc!R also stimulates ROS 

production via Vav1 and Vav3, as well as neutrophil spreading and phagocytosis 70. Fc!R 

requirement for Vav1/Vav3 in phagocytosis differs from the finding in macrophages 

described above, therefore this mode of phagocytosis must follow different signaling 

pathways in neutrophils as in macrophages 70. The NADPH oxidase and ROS production is 

also activated by integrin signaling and requires Vav1 and Vav3, in a pathway that involves 

PLC-!2 and calcium signaling 74. 

 

The discrepancy in results concerning Vav-mutant neutrophil migration was further 

investigated by examining these cells’ behaviour in vivo or in actual immune responses. In a 

Passive Arthus Reaction, Vav1/Vav3-mutant neutrophils migrate normally to the site of 

antigen deposition, although they could not be activated to produce inflammatory ROS 75. 

Vavnull neutrophil interstitial migration (through extracellular spaces) was compared to 

wildtype neutrophils. Vavnull neutrophils are very elongated but can meander and turn like 

wildtype, however, they are much slower 76. This observation was surprising, since it was 

shown that Vavnull neutrophils migrate normally in vivo 36. Thus, the authors conclude that the 

mechanisms of neutrophil migration in vitro may differ greatly from those governing 



INTRODUCTION                                                               25 

 

 

migration in actual tissues in vivo 76. In summary, Kim et al. found defective actin, ROS 

production and migration in vitro in Vav1-/- neutrophils; Schymeinsky et al. found that Vav1 

localizes to the leading edge of neutrophils; and Graham et al. found that Vavnull neutrophils 

are slower in vivo. On the other hand, Gakidis et al. showed that chemotaxis in vitro is normal 

for Vav1/3 knockout neutrophils. Moreover, Gakidis showed that Vav1 or Vav3 single mutant 

phagocytes do not have phenotypes, whereas Kim et al. showed mild defects in Vav1 single 

mutants. 

 

To resolve these discrepancies, we decided to study Vav-mutant neutrophil migration in vivo, 

using peritonitis and wound healing models. Since we did not have Vav3-mutant mice at the 

beginning of our investigations, initial experiments were performed mainly with Vav1-single 

mutants. Later on, we acquired Vav3-mutant mice and used them in our models of 

inflammation. In both models, we found normal recruitment of neutrophils but defective 

adhesion of Vav-mutant macrophages, resulting in a failure of macrophages to produce the 

appropriate cytokines required for wound healing. Thus, our data support an important role 

for Vav proteins in integrin signaling in phagocytes.  
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RESULTS 

8 Vav1 and Vav2 not required for basic macrophage and neutrophil  

functions 

8.1 Vav2 expression is low in myeloid cells 

When these studies began, we did not have access to Vav3 mice, therefore the early part of 

this work deals only with Vav1 and Vav2. We began the analyses by assessing Vav protein 

expression. The degree of expression of a protein in a particular tissue is often correlated with 

the importance of the protein in that tissue. For example, Vav1 is highly expressed in immune 

cells but less so in other cells or tissues in the body, correspondingly, Vav1 is mainly 

important in the immune system. Therefore, expression of Vav1 and Vav2 in various immune 

cells was tested. Both Vav proteins were detected in the lysates of the immune cells tested, 

although Vav1 expression was clearly greater in T cells, dendritic cells (DCs), mast cells 

(MC), macrophages (MØs), and neutrophils (NØs) (Fig. 1). The only cells in which Vav2 

expression equaled that of Vav1 was in B cells, which is consistent with the critical role for 

Vav2 in B cells 35. Thus, the expression pattern of Vav1 suggested that Vav1 would be 

important for phagocyte function, and we decided to test this in vivo. 

 

 

Fig. 1 Expression levels of Vav1 and Vav2 in immune cells. 

The indicated cell types were isolated from mice and aliquots (3x106) were lysed with the addition of 
5x loading buffer and analyzed by immunoblotting with anti-Vav1 (A) and anti–Vav2 (B) antibodies 
(Pharmingen). Equal loading was determined by Ponceau staining (data not shown). 
 

 

8.2 Vav1 and Vav2 not required for Fc!!!!R phagocytosis 

We first examined the primary function of macrophages, phagocytosis. Bone marrow-derived 

macrophages (BMM) were isolated from Vav1- and Vav2-mutant mice by plating bone 

marrow cells on macrophage growth media and culturing for six days. The purity of the 

resulting cells was tested by marking cells that were positive for macrophage markers MacI 

(CD11#/CD18; or CR3) and F4/80 with fluorescently labeled antibodies, and assessing these 
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by “fluorescence-activated cell sorting” (FACS). All BMM produced were positive for the 

murine macrophage marker, F4/80. However, the BMM expressed varying levels of MacI, 

such that a population of MacIhigh cells could be distinguished from a population of MacIlow 

cells (Fig. 2). Despite the differences in MacI expression, there were no differences in the 

BMM populations between the Vav genotypes tested (Vav1-/-, Vav2-/-, and Vav1-/- Vav2-/-), 

thus it was possible to proceed to test macrophage functions in these genotypes. 

 

 

Fig. 2 Similar populations of bone marrow MØs in wildtype and Vav-mutant mice. 

Bone marrow (BM) cells were isolated from WT, Vav1-/-, Vav2-/- and Vav1-/- Vav2-/- mice and 
cultured for 6 days in L-929 conditioned medium containing M-CSF (macrophage-colony stimulating 
factor) to induce the differentiation of BM-derived macrophages. Cells were stained for MacI and 
F4/80 and analyzed by FACS.  

 

Phagocytosis of cells opsonized with antibodies triggers Fc! receptors (Fc!R), which 

recognize the invariant, Fc, portion of antibodies coating a target cells. Since Fc! receptors 

signal through ITAMs, which recruit Syk kinases and subsequently Vav proteins, Fc!R 

signaling in these cells was tested. Latex beads coated with fluorescently-labeled antibodies 

were incubated with wildtype and Vav-mutant macrophages for 15 or 30 minutes at 37°. 

Phagocytosis was analyzed by FACS and representative dot plot are shown (Fig. 3a). 
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The phagocytic events were quantified and plotted on a bar graph (Fig. 3b). No differences in 

phagocytic ability were observed between the various Vav genotypes tested. This result is 

consistent with data later published showing that Vav1 can be compensated for by Vav3, but 

they are only required for complement-activated and not Fc-activated phagocytosis 36,37. 

 

Fig. 3 Normal Fc!!!!R-mediated phagocytosis in Vav1-/- and Vav1-/- Vav2-/- MØs. 

BM-derived MØs, obtained as described above in the legend for Figure 2, were incubated with FITC-
labeled beads for various time points. Cells were washed to remove unbound beads. (A) 
Representative dot plots of phagocytosis as measured by FACS. WT cells were stained for MacI-PE 
and analyzed by FACS to identify FITC positive cells representing MØs that had ingested FITC-
labeled beads through phagocytosis, giving rise to the population visible in the dot plot in the upper 
region, above region 2 (R2). (upper region left unlabelled in order to not obscure the dots). Cells were 
analyzed at 5 minutes (upper left panel), 15 minutes (upper right panel), 30 minutes (lower left panel), 
and 60 minutes (lower right panel), to monitor progression of phagocytosis. (B) Quantification of the 
phagocytosis of Vav1-/- (upper panel) and Vav1-/- Vav2-/- (lower panel) MØs. Phagocytosis is 
expressed as the percentage of FITC-positive cells from total cells, at the indicated time points. 
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Macrophages become activated in the presence of pathogens and secrete pro-inflammatory 

cytokines such as TNF#. To test the production of TNF# in Vav macrophages, wildtype and 

Vav-mutant BMMs were cultured in the presence of the pro-inflammatory stimulus, LPS, and 

TNF# was measured in the culture media by ELISA. No differences were observed in TNF# 

production between wildtype and Vav1-/- Vav2-/- macrophages (Fig. 4). Thus, Vav1 and Vav2 

are not required for activation of macrophages to LPS. 

 

 

Fig. 4 Normal release of TNF#### by Vav1-/- Vav2-/- MØs. 

BM-derived MØs were plated and cultured overnight in medium alone, then stimulated with LPS for 

24h. TNF# production was measured by ELISA of the supernatant (SPN) of un-stimulated and LPS-

stimulated WT and Vav1-/- Vav2-/- MØs. TNF# amounts were determined by calculating absorbance 
units according to a standard curve included in the experiment. Data represent the mean of 3 different 
experiments. 

 

8.3 Vav1 is not required for basic cytoskeletal functions in neutrophils 

Neutrophils are fast migrating cells that can use amoeboid motility to access almost all tissues 

in the body. These functions are dependent on the successful reorganization of the actin 

cytoskeleton, therefore Vav-mutant neutrophils were tested for these abilities. Since Vav2 did 

not appear to be required for macrophage functions or to be expressed at even low levels, only 

Vav1-mutant neutrophils were tested. To determine if Vav1 plays a role in neutrophil 

migration, BM-derived neutrophil migration to the chemokines fMLP and MIP2 was tested 

using a Boyden chamber migration assay. Migration of Vav-1 neutrophils was somewhat 

increased to fMLP, but decreased to MIP2, indicating that Vav1 is required for neutrophil 

migration (Fig. 5a, b). Because migration depends on the cell’s ability to regulate integrin 

adhesion to substrates, the requirement for Vav1 in neutrophil adhesion to either ICAM-1 

coated or uncoated plates was tested. No differences in adhesion were observed in the Vav1-

mutant neutrophils (Fig. 5c). To further explore the neutrophil cytoskeleton functions, actin 

polymerization in Vav-mutant neutrophils stimulated by fMLP was tested, but no differences 

in their ability to catalyze actin rearrangements were observed (Fig. 5d). Taken together, these 
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results show that Vav1 deficiency mildly impairs migration of neutrophils but not adhesion or 

actin polymerization. This result suggests that another Vav protein compensates for loss of 

Vav1. 

 

Fig. 5 Vav1 roles in major PMN cytoskeletal functions. 

BM-derived PMNs were isolated using a Percoll gradient, stained for Gr-1 and analyzed by FACS. 
Purity was >85% (data not shown). (A) (B) Normal migration of Vav1-/- PMNs. Migration was tested 
by loading WT or Vav1-/- PMNs into the upper wells of a Boyden chamber and chemo attractants 
fMLP (A) or MIP2 (B) into the lower wells. Cells were collected from the lower chamber, stained 
with Gr-1 and analyzed by FACS. Migration is expressed as the percentage of cells that migrated to 
the lower chamber from the total number of cells loaded in the upper chamber. Data represent the 
mean of 3 different experiments. (C) Normal adhesion of Vav1-/- PMNs. WT or Vav1-/- PMNs were 
cultured for 4 hours with or without fMLP either on non-coated wells (negative control) or wells 

coated with "2-ligand (ICAM-1). Adherent cells were detached, stained with anti-Gr-1 and analyzed 
by FACS. Adhesion is expressed as the percentage of adherent cells from the total input of cells. (D) 
Normal actin polymerization in Vav1-/- PMNs. BM-derived PMNs were stimulated with fMLP for the 
indicated time points (seconds), stained with FITC-labeled phalloidin to detect F-actin, and analyzed 
by FACS. Results are shown as arbitrary units (AU) of fluorescence (D). 
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9 Roles for Vav3 in macrophages and neutrophils 

9.1 Expression of Vav3 protein in various cells and tissues 

At this point in our investigations, we obtained Vav3-mutant mice and proceeded to analyze 

phagocytes in in vivo and in vitro responses. Therefore, the first step was to examine 

expression of Vav3 in immune and non-immune cells. The highest expression of Vav3 was 

observed in neutrophils, but relatively strong expression was also present in bone marrow, 

macrophages and dendritic cells (DCs) (Fig. 6a). Since neutrophils develop initially in the 

bone marrow, the Vav3 expression in the bone marrow may be due to early stage neutrophils. 

However, the expression of Vav3 in DCs also suggests an avenue of future investigations into 

Vav3 functions. 

 

Fig. 6 Expression levels of Vav3 in immune and non-immune cells. 

 (A) Vav3 expression levels in immune cells. 3 x 106 cells of the indicated types were lysed in 5x 
loading buffer and analyzed by western blot with anti-Vav3 antibodies. 100kD protein level from 
loading standards indicated on side of panel. (BM=bone marrow, Thy=thymus, Spl=spleen, 
Mast=mast cells, MØ=macrophages, NØ=neutrophils, or PMNs, DC=dendritic cells). Equal loading 
was determined by Ponceau staining (data not shown). (B) Vav3 expression levels in non-immune 
cells assayed as in (A). (Brain, lung, Kdn=kidney, Liv=liver, Heart=heart, Msl=muscle, Testis, 
Plt=platelets). (C) Confirmation of absence of Vav3 in Vav3-/- knockout mice. Lysates from PMNs 
prepared as above from Vav3-/- mice were analyzed by western blot with anti-Vav3 antibodies. 

 

In non-immune tissues, Vav3 was highly expressed in brain and lung, and to a lesser extent in 

kidney, muscle and platelets (Fig. 6b). Supporting a role for Vav3 in tissues in which it is 

highly expressed, Vav3 was recently shown to affect dendrite branching in neuronal cells and 

to control gait and balance in mice 77. Finally, to confirm that Vav3 protein was not produced 

in the Vav3 mice we obtained, western blot analysis of lymphocyte lysates was performed 

and no Vav3 protein was detected (Fig. 6c). 
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9.2 Vav3 regulates migration, actin polymerization and ROS in neutrophils  

In order to test if Vav3-/- neutrophils have inherent defects in migration or adhesion, migration 

and adhesion assays on these cells were performed. Moderate defects in migration speeds in 

ICAM-1- and fibronectin-coated chambers were observed, suggesting a mild defect in 

"2-integrin signaling (Fig. 7a). This specificity for "2-integrin ligands was supported by the 

normal levels of migration observed in the presence of fibrinogen or collagen (non-"2-integrin 

ligands) (Fig. 7b).  

 

Fig. 7 Vav3 not required for PMN migration through extracellular components. 

BM-derived PMNs were isolated from WT and Vav3-/- mice using a Percoll gradient, stained for Gr-1 
and analyzed by FACS. Purity was >85% (data not shown). PMNs were loaded into the upper wells of 
a Boyden chamber and fMLP was loaded into the lower wells. Wells were coated with various 

extracellular components including (A) NC (non-coated), ICAM-1 ("2-integrin ligand), and 
fibronectin or (B) fibrinogen and collagen. Cells were collected from the lower chamber, stained with 
Gr-1 and analyzed by FACS. Migration is expressed as the percentage of cells that migrated to the 
lower chamber from the total number of cells loaded in the upper chamber. Data represent the mean of 
3 different experiments. 

 

Next, Vav3-/- neutrophils for actin polymerization to two activators of G-protein coupled 

receptors (GPCRs) on neutrophils, fMLP and LTB4, was tested. Actin polymerization was 

markedly reduced in Vav3-/- neutrophils to fMLP (Fig. 8a), although normal to LTB4 (Fig. 

8b).  

 

 

 

A 

B 
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Fig. 8 Vav3 required for fMLP-actin polymerization in PMNs. 

BM-derived PMNs from WT and Vav3-/- mice were stimulated with fMLP (A) or LTB4 (B) for the 
indicated time points (minutes=’, seconds=”) to induce F-actin polymerization, stained with FITC-
labeled phalloidin to detect F-actin, and analyzed by FACS. Results are shown as arbitrary units (AU) 
of fluorescence (D). 

 

Finally, I tested integrin signaling to ROS production in Vav3-/- neutrophils to a variety of 

stimuli. Bone marrow-derived neutrophils were incubated with either no stimuli, or PMA, 

LTB4 or fMLP, on wells coated with integrin ligands, ICAM-1 (a "2-integrin ligand), von 

Willebrand factor (vWF) (a "3-integrin ligand), or BSA as a control. The chemotactic stimuli 

should induce inside-out signaling in the neutrophil integrins, leading to an open 

conformation of the integrin that enables it to adhere to its ligands, if present. Integrin binding 

to its ligands, for example ICAM-1 or vWF, should then trigger outside-in signaling, leading 

to ROS production. In the absence of integrin ligands, Vav3-/- neutrophils produced normal 

amounts of ROS, compared to wildtype, for every type of stimulation: fMLP, LTB4, and 

PMA (Fig. 9a). However, in the presence of both "2- and "3-integrin ligands, Vav3-/- 

neutrophils showed pronounced defects in the production of ROS, in response to stimuli but 

also in the uninduced samples (Fig. 9b,c). Thus Vav3 is not required for ROS production to 

the chemotactic stimuli alone but is required for ROS production in neutrophils stimulated by 

integrin ligands alone. Together, these results show that Vav3 is required for actin 

polymerization to fMLP and for integrin-mediated migration and ROS production. 
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Fig. 9 Vav3 required for generation of reactive oxygen species (ROS) in PMNs.   

BM-derived PMNs from WT and Vav3-/- mice were starved for 30 min, then incubated with no stimuli 
(NS), LTB4, or fMLP, as indicated, in wells coated with either (A) BSA alone as a negative control, 

(B) ICAM-1 ("2-integrin ligand), or (C) vWF(C) ("3 integrin ligand). Cells were then incubated with 
2,7-dichlorofluorescin diacetate (DFDA), a fluorescent indicator that reacts with ROS species. 
Oxidative burst was measured and expressed as the increase in fluorescence intensity of oxidized 
carboxy H2DCFDA. Data representative of at least two different experiments is expressed in AU 
(Arbitrary Units of fluorescence). 
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10  Vav3 regulates macrophages and neutrophils in thioglycolate-induced  

 peritonitis 

Although we and others showed that Vav3 is important for neutrophils functions in vitro 36, in 

vivo phenotypic defects are often lessened, due to compensation by other proteins in the more 

complex environment of the organism. Therefore, we decided to test Vav3 mice for the ability 

to respond to an aseptic infection using thioglycolate injection into the peritoneum. Resident 

macrophages in the peritoneum are the first to respond to the injection, and they secrete 

factors that induce a massive recruitment of granulocytes and monocytes from the bone 

marrow. These cells then transmigrate through the blood vessels and tissues using integrins 

and other cell surface receptors to reach the peritoneum.  

 

In order to test the identification of myeloid cell populations in vivo, the first analysis 

performed was of uninduced wildtype cells by FACS using fluorescently-labeled antibodies 

against Ly6C (a marker for monocytes), Gr-1 (a marker for neutrophils) and F4/80 and MacI 

(macrophages) (Fig. 10). From the live cell gate (leftmost panels, black dots), MacI+ cells 

were gated on, which encompass monocytes, macrophages, and neutrophils (middle panels, 

red dots). These cells were in turn gated on for Gr-1 versus Ly6C, to identify granulocytes 

(mainly neutrophils) or monocytes respectively (green dots, top panels), or MacI versus 

Ly6C, to identify macrophages (green dots, bottom panels). Myeloid cells in blood (Fig. 10a), 

Peritoneum (Fig. 10b) and Bone Marrow (Fig. 10c) were analyzed. As expected, granulocyte 

and monocytes levels were strong in the bone marrow (Fig. 10c), where they develop and 

high in the blood (Fig. 10a), where they circulate, but very low in the peritoneum in the 

absence of infection (Fig. 10b). Macrophages, which differentiate from monocytes in tissues, 

were found only in low numbers in blood and bone marrow (Fig. 10a,c) but were found in 

high numbers in the peritoneum, where they reside to protect the peritoneum from infection 

(Fig. 10b) 78.  
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Fig. 10 General distribution of myeloid cell populations in WT mouse. 

Blood (A), peritoneum (B) and bone marrow (C) cells were isolated from a WT mouse, stained with 
surface markers specific for different cells populations, and analyzed by FACS. Samples were first 
gated on live cells (left-most panels in (A), (B) and (C)), then on MacI+ cells (middle panels of (A), 
(B) and (C)). Next, cells were gated on Gr-1 and Ly6C to show granulocytes (Gr-1hi Ly6Cint) and 
monocytes (Gr-1int Ly6Chi), and F4/80 and Ly6C to show MØs (F4/80hi Ly6Clo-hi) (right most panels 
of  (A), (B) and (C), as indicated) 
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Next, myeloid cell recruitment in wildtype mice upon thioglycolate injection was measured. 

Peritoneal cells were obtained 24 hours after injection and analyzed by FACS for expression 

of Ly6C, Gr-1 and F4/80 (Fig. 11). Myeloid cells were analyzed as in Fig. 10, with gating on 

live cells (Fig. 11a, black dots), and then MacI+ cells (Fig. 11b, red dots), and finally, 

macrophages (Fig. 11c, green dots) and granulocytes (Fig. 11d, green dots). However, the 

peritoneal macrophage population was further divided after injection into F4/80high cells, 

representing resident macrophages, and F4/80low cells, representing inflammatory (or 

recruited) macrophages (Fig. 11c). As expected, the granulocyte population increased 

strongly, as did the inflammatory macrophages, in response to the infection induced by 

thioglycolate (Fig. 11 c,d). 

 

 

Fig. 11 Thioglycolate-induced recruitment of myeloid cells to the peritoneal cavity in a WT 
mouse. 
Peritoneal cells were isolated from a WT animal 24 hours after injection of thioglycolate and analyzed 
by FACS. Samples were first gated on (A) live cells, then on (B) MacI+ cells to identify myeloid cells. 
Samples were then gated on (C) F4/80 and Ly6C to distinguish between resident MØs (F4/80hi 
Ly6Clo-hi) and inflammatory, or recruited MØs (F4/80int Ly6Clo-hi). (D) Cells were also gated on Gr-1 
and Ly6C to show granulocytes (Gr-1hi Ly6Cint) and monocytes (Gr-1int Ly6Chi). 
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Following injection of thioglycolate into wildtype and Vav3-/- mice, peritoneal cell 

recruitment was tested after 4, 24, 48 and 72 hours (Fig. 12a). A slightly decreased number of 

Vav3-/- granulocytes was observed, although differences were not significant (Fig. 12a). 

Monocyte migration into the peritoneum also appeared to be normal at all time points after 

injection in Vav3-/- mice (Fig. 12b). In contrast, analysis of Vav3-/- macrophages revealed 

pronounced differences in these populations: (Fig. 12c,d) resident macrophage populations 

were increased in Vav3-/- mice at all time points (Fig. 12c), while inflammatory macrophage 

recruitment was reduced in Vav3-/- peritoneum (Fig. 12d). Representative dot plots of 

granulocyte/monocytes cells in the peritoneum are shown for 0, 4 and 48 hours after 

recruitment (Fig. 12e).Thus, these results show that Vav3 is required for a normal response to 

peritoneal infection, particularly for macrophages. 
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Fig. 12 Thioglycolate-induced recruitment of myeloid cells to the peritoneal cavity requires 
Vav3. 
Peritoneal cells were isolated from WT and Vav3-/- mice after injection of thioglycolate at the 
indicated time points and analyzed by FACS. Numbers of cells were calculated as a percentage of total 
number of peritoneal cells. (A) Granulocytes (Gr-1+) from WT and Vav3-/-mice. Basal recruitment, or 
NS (non-injected mice). (B) Monocytes (Gr-1int Ly6Chi) from WT and Vav3-/-mice. (C) Resident MØs 
(F4/80hi Ly6Clo-hi) from WT and Vav3-/-mice. (D) Inflammatory (or recruited) MØs (F4/80int Ly6Clo-hi) 
from WT and Vav3-/-mice. (E) Representative FACS analysis of granulocyte recruitment to the 
peritoneum. Granulocytes and monocytes in the peritoneum of a WT mice increase in numbers over 
time following thioglycolate injection, with Gr-1+ numbers peaking at 4 hours and declining to near 
basal levels at 48 hours post-injection. 
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As mentioned earlier, macrophages have an important role in dampening inflammation by 

migrating to apoptotic neutrophils and phagocytosing them, and the defects in Vav3 

Macrophage populations above suggested that Vav3-/- macrophages were defective in basic 

functions. Therefore, Vav3-/- peritoneal cavity (PerC) cells from Vav3-/- were isolated from 

mice 48 hours after thioglycolate injection and tested for production of TNF#. TNF# 

produced from exposure to apoptotic neutrophils was minimal and not defective in Vav3-/- 

macrophages. However, TNF# production was greatly decreased in Vav3-/- macrophages 

exposed to LPS or LPS and IFN!, indicating a role for Vav3 in activation of inflammation in 

the PerC (Fig. 13a). This result is consistent with a previous report showing that Vav proteins 

are required for activation of ROS and other signaling in PerC cells stimulated with LPS 72. 

To confirm these results in vitro, we tested Vav3-/- macrophages in a migration assay, using 

apoptotic neutrophils as activators. Vav3-/- macrophages derived from bone marrow (Fig. 13b) 

or blood (Fig. 13c) displayed a clear reduction in migration to apoptotic, but not fresh, 

neutrophils. Taken together, these results show that apoptotic neutrophils are better at 

activating migration than cytokine production and that Vav3 is required for both functions. 

These signaling defects may be the cause of the reduced migration of inflammatory 

macrophages into the peritoneum. To further test these Vav3-/- macrophages, wound healing 

in Vav-mutant mice was examined. 
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Fig. 13 Vav3 required for myeloid functional responses. 

(A) TNF# production inVav3 macrophages. Peritoneal MØs were collected 48h after i.p. thioglycolate 
injection and cultured for 24h in the presence of the indicated stimuli (NS=non-stimulated; apoptotic 

NØ=neutrophils or PMNs). TNF# production was detected by ELISA. (B) (C) Migration of 
monocytes to apoptotic PMNs. (B) Bone marrow monocytes and (C) blood monocytes were isolated 
from wildtype and Vav3-/- mice and loaded into the upper well of a Boyden chamber to test migration 
to either live or apoptotic PMNs loaded in lower chamber. Migrated cells were collected 4 hours after 
loading and stained for Ly6C to identify monocytes. Migration is expressed as the percentage of 
monocytes that migrated to the lower chamber from the total number of monocytes loaded in the upper 
chamber. 
 

11 Vav3 regulates macrophages and neutrophils in wound healing  

Wound healing requires the concerted actions of phagocytes guided by interactions with their 

environment mediated by integrins 22. Vav proteins signal downstream of integrins and our 

colleagues in the Department of Dermatology at the University of Ulm have shown that Vav 

and Syk co-localize at the leading edge of neutrophils, and that the interaction between the 

two is likely required for integrin-activated neutrophil migration 55. Therefore, in 

collaboration with these colleagues, we tested the process of wound healing in Vav-mutant 

mice. 
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11.1 Vav3 required for normal wound healing and macrophage recruitment 

Full-thickness wounds were produced on Vav1-/-, Vav2-/-, Vav3-/- mice, intercrosses thereof 

and WT controls, and wound sizes were monitored as described 22. Wound closure of Vav3-

mutant mice was significantly delayed between days 3 and 10 post-wounding as compared to 

WT mice (Fig. 14a,b). No delay in wound closure was observed in Vav1- or Vav2-single 

mutant mice, and crossing them with Vav3 knockout mice (to produce Vav1/Vav3 and 

Vav2/Vav3 double knockouts) only slightly worsened the wound closure defect of Vav3-

mutant mice, suggesting that Vav2-deficiency does not contribute to the delayed wound 

healing of Vav3 mice, and that Vav1 deficiency does but only to a moderate degree (Fig. 14c, 

data not shown). Therefore, we concentrated on Vav3-/- mice, and only occasionally used 

Vav1-/- Vav3-/- mice for control purposes. 

 

 

Fig. 14 Delayed wound closure in Vav3-/- and Vav1-/- Vav3-/- mice. 

(A) Representative macroscopic aspects of wounds from Vav3-/-, Vav1-/- Vav3-/- and WT mice at 
different healing stages. (B) Statistical analysis of 24 wound areas quantified at days 0, 3, 5, 7 and 10 
after wounding expressed as percentage of the initial (day 0) wound size for WT, (B) Vav3-/- and (C) 
Vav1-/- Vav3-/- mice. Results given as mean +/-SD (n=6) reflect one out of three independent 
experiments. *p <0.05 by Mann-Whitney test.  
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Immunostaining for Gr-1 revealed virtually no differences in neutrophils numbers at wound 

sites of Vav3-/- and Vav1-/-Vav3-/- compared to WT mice at 24h after wounding (Fig. 15a). 

Also no obvious differences in neutrophil recruitment were observed for the studied 

genotypes at earlier (1h, 6h) and later (72h) time-points (data not shown). In contrast, 

immunostaining of  wounds at 72h revealed a significant reduction in recruitment of F4/80+ 

macrophages to Vav3-/- and Vav1-/- Vav3-/- wound sites, compared to WT wound sites (Fig. 

15a). These data were confirmed by FACS quantification of Gr-1+ neutrophils enzymatically 

isolated from wound tissue 24h post-wounding (Fig. 15b) and of F4/80+ macrophages isolated 

3 days after wounding (Fig. 15c). Taken together, these data show that Vav3 is required for 

macrophage, but not neutrophil, recruitment and for normal wound healing. 

 

 

Fig. 15 Impaired recruitment of MØs but not PMNS to the Vav3-/- wound sites. 

(A) Recruitment of PMNs (Gr-1:red, upper panel) and MØs (F4/80:green, lower panel) to wound sites, 
assessed by immunostaining of cryosections from WT, Vav3-/-, and Vav1-/- Vav3-/- mice (original 
magnification x20, scale bar indicates 200µm; e, eschar, he, hyperproliferative epidermis; we, wound 
edge, gt, granulation tissue). (B) Quantification of Gr-1+ PMN recruitment at 24h after wounding and 
(C) F4/80+ MØ recruitment at 72h post-wounding by FACS analysis of wound cells isolated by 
enzymatic disruption from wound tissue. Results given as scatter plots. Bars indicate the median (n = 
5). *P < 0.05 by Student’s t test.  
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11.2 Vav3 regulates adhesion, phagocytosis and TGF- !1 release 

Neutrophils in an infection are short-lived and undergo apoptosis. Macrophages phagocytose 

the apoptotic neutrophils, triggering production of TGF-"1. Given the requirement for 

"2-integrins in this process 22, we examined the adhesion of WT and Vav-mutant 

macrophages and neutrophils. Apoptotic WT and Vav3-/- neutrophils were co-cultured with 

WT or Vav3-/- macrophages in all possible combinations. Macrophage-neutrophil conjugates 

were quantified using flow-cytometry after 15 min of co-culture to assess neutrophil adhesion 

to macrophages and after 45 min to assess macrophages phagocytosing neutrophils. As 

expected, adhesion of Vav3-/- macrophages to apoptotic WT neutrophil was severely 

impaired. This defect was not further reduced by co-culture of Vav3-/- macrophages with 

Vav3-/- neutrophils (Fig. 16a). These data suggest that Vav3-deficiency in neutrophils is not 

important for adhesion and that the Vav3-deficiency in macrophages is predominantly 

responsible for the observed adhesion defect. However, when co-culturing WT macrophages 

with Vav1-/- Vav3-/- double knockout neutrophils, there was a slight decrease in adhesion 

compared to WT macrophages with WT neutrophils, showing a slight contribution in 

adhesion from the neutrophils if both Vav1 and Vav3 were absent (Fig. 16a). But the decrease 

in adhesion from this combination (WT macrophages with Vav1-/- Vav3-/- neutrophils) was 

not seen when single Vav3-mutant neutrophils were used (WT macrophages with Vav3-/- 

neutrophils) (data not shown). Thus, Vav1 and Vav3 are redundant in neutrophil adhesion. 

This finding is supported by previous reports that Vav1 and Vav3 compensate for each other 

in neutrophil functions such as spreading and adhesion 36. In contrast, the results presented 

here show that Vav1 can not compensate for Vav3 in macrophage adhesion to target cells. 

 

Firm adhesion of target cells to phagocytes is very important for phagocytic efficacy 79. 

Indeed, we observed a defective phagocytosis of apoptotic WT or Vav3-/- neutrophil by 

Vav3-/- macrophages (Fig. 16b). Similar to the defective adhesion result, co-culture of Vav1-/-  

Vav3-/- neutrophils with WT macrophages moderately reduced neutrophil engulfment. Vav3-/- 

and WT macrophages engulfed identical amounts of latex beads (data not shown), suggesting 

that the phagocytic machinery itself is functional, and that Vav3-deficiency specifically 

affected phagocytosis of apoptotic neutrophils by Vav3-/- macrophages. This result also 

confirms the finding in the previous chapter that Vav1-deficient macrophages phagocytosed 

normally, since Vav3 is the key Vav family member for macrophages.  
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Fig. 16 Vav3 required for adhesion to and phagocytosis of apoptotic PMNs. 

WT and Vav3-/- MØs were stained for F4/80 and co-cultured with CMRA-labeled apoptotic WT and 
Vav3-/- PMNs for 15 minutes for adhesion (A) or 45 minutes for phagocytosis (B). Double positive 
(F4/80+ CMRA+) cells were considered adherent cells and were quantitated by flow cytometry. 
Results are expressed as the percentages of PMN-binding macrophages from the total macrophages 
counted. *P<0.05; **P<0.005. 
 
 

11.3 Vav3 is required for TGF-""""1 in vivo and ROS production 

TGF-"1 is the pivotal growth factor promoting myofibroblast differentiation 18 and neo-

angiogenesis during wound healing 17. Rough assessment of TGF-"1 expression by 

immunohistology revealed a strong TGF-"1 staining in the epidermis and hair follicles, 

identified by epidermis-specific anti-K14 staining, in all genotypes (WT, Vav3-/-, Vav1-/- 

Vav3-/-) (Fig. 17a). There was, however, clearly reduced staining in the dermal wound 

margins and granulation tissue at day 5 and 7 after wounding of Vav3-/- and Vav1-/- Vav3-/- 

mice compared to WT mice (Fig. 17a, data not shown). To substantiate these findings, total 

and active TGF-"1 concentrations from wound lysates were quantified by specific ELISA. 

Total TGF-"1 concentrations were similar between WT, Vav3-/- and Vav1-/- Vav3-/- wounds, 

however, active TGF-"1 concentrations were significantly reduced in 5 day old wound lysates 

from Vav3-/- and Vav1-/- Vav3-/- mice (Fig. 17b). Moreover, upon phagocytosis of apoptotic 

neutrophils, Vav3-/- macrophages displayed a significantly decreased oxidative burst 

compared to WT macrophages (Fig. 17c). As ROS have been shown to convert latent TGF-"1 

to active TGF-"1 
80, the reduced ROS formation in Vav3-/- may contribute to the reduced 

activation of TGF-"1 in Vav3-/- and Vav1-/- Vav3-/- wound lysates when compared to WT 
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wounds. These results suggest that reduced active TGF-"1 at wound sites accounts for 

reduced wound contraction in Vav3-/- mice.  

 

Fig. 17 Reduced release of active TGF-!1 in the wound margins of Vav3-/- and Vav1-/-Vav3-/- 
mice. 

(A) Imaging of TGF-"1 in wound margins. Immunostaining of 5 days old wounds from WT, Vav3-/-, 

and Vav1-/- Vav3-/- mice showing TGF-"1 (red) localization throughout the K14+ epidermis (green) 
and the wound tissue. Blue staining indicates nuclear staining with DAPI. (original magnification x20, 
scale bar indicates 200µm; he, hyperproliferative epidermis; we, wound edge, gt, granulation tissue, h, 

hair follicle). (B) Quantitation of TGF-"1 in wound margins. Total and active TGF-"1 release from 5 
day old WT, Vav3-/-, and Vav1-/- Vav3-/- wound lysates was analyzed by ELISA. Results 
representative of two independent experiments are expressed as mean ± SD (n = 4). *P <0.05 by 
Student’s t test. (C) Vav3 required for normal ROS. The oxidative burst, or ROS produced by WT and 
Vav3-/- MØs upon phagocytosis of apoptotic WT or Vav3-/- neutrophils was measured at 3h and 
expressed as the increase in fluorescence intensity of oxidized carboxy H2DCFDA. Data 
representative for three different experiments is given in RFU (relative fluorescence units). Each 
symbol represents triplicate measurements, and MØs were derived from three different mice of each 
genotype (n = 3). Bars indicate medians. *P < 0,05 by Student’s t test. 
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11.4 Vav3 is a downstream target of """"2-integrin-dependent macrophage 

adhesion  

As the physical attachment of macrophages to apoptotic neutrophil depends on "2-integrins, 

we studied the extent of adhesion of WT and Vav3-/- macrophages to the "2-integrin ligand 

ICAM-1, which mediates "2-integrin-dependent formation of the phagocytic synapse 22. 

Integrin-mediated macrophage activation was achieved by TNF# stimulation prior to plating 

on defined ligands. Notably, Vav3-/- macrophages revealed a significantly reduced adhesion to 

ICAM-1 when compared to WT macrophages (Fig. 18). This Vav3 dependent "2-integrin-

mediated adhesion to ICAM-1 was specific, as adhesion of WT and Vav3-/- macrophages to 

BSA was insignificant. In contrast, Vav3-deficiency did not affect "1-integrin-mediated 

binding to fibronectin, suggesting that Vav3 is preferentially responsible for "2-integrin- 

mediated macrophage adhesion (Fig. 18). Moreover, these findings suggested a role for Vav3 

in "2-integrin-dependent strengthening of the synapse between macrophages and neutrophil, 

which depends on ICAM-1 binding 22. 

 

 

Fig. 18 Vav3 required for !2 integrin-dependent macrophage adhesion. 

WT and Vav3-/- MØs were loaded with CMFDA as a marker for microplate reader analysis and 

stimulated with TNF#. Cells were plated onto either 0.1% BSA as control for non-specific adhesion, 
fibronectin (a "1-integrin ligand) or ICAM-1 (a "2-integrin ligand). Results are expressed as the 
percentage of adherent MØs related to input cells as measured after 15 min of incubation. 
Representative results for three independent experiments are shown as mean ± SD (n=3). P was 
assessed by Student’s t test. 
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To investigate the contribution of Vav3 to "2-integrin activation in more detail, we assessed 

"2-integrin affinity of WT, Vav3-/- and CD18-/- macrophages by their capacity to bind soluble 

ICAM-1 (sICAM-1). Activated WT macrophages bound sICAM-1 up to 4 times more 

efficiently compared to unstimulated or to CD18-/- macrophages. Remarkably, in the absence 

of Vav3, the capacity of macrophages to bind sICAM-1 was diminished to 50% when 

stimulated with fMLP (Fig. 19a). These results strongly suggest that Vav3 controls integrin 

affinity upon activation and thus regulates the extent of outside-in signaling required for firm 

adhesion, phagocytosis and oxidative burst.  

 

Activation of Vav proteins requires phosphorylation of specific tyrosine residues as a 

prerequisite to activating downstream targets. Until now, integrin signaling via Vav3 has 

rarely been addressed in macrophages 37 49. To study whether Vav3 is activated in response to 

"2-integrin engagement, the phosphorylation status of Vav3 following macrophage binding to 

ICAM-1 was assessed. Prior to adhesion, macrophages were treated with TNF# to enhance 

integrin adhesive activity. No phosphorylation occurred upon TNF# treatment when 

macrophages were plated on BSA-coated dishes, excluding any direct effect of TNF# on the 

phosphorylation status of Vav3 (data not shown). A robust induction of Vav3 phosphorylation 

was observed at 10 min after plating macrophages onto ICAM-1, while the level of total Vav3 

remained unchanged (Fig. 19b). These results show that "2-integrins activate Vav3 

phosphorylation. 

 

To further characterize the role of Vav3 as a downstream target of "2-integrin-dependent 

signaling in macrophages, we analyzed the cellular localization of Vav3 and CD18 during 

macrophage adhesion on ICAM-1 using confocal microscopy. CD18 (red) re-distributed and 

clustered within focal adhesion contacts (open arrows) at the cell membrane when 

macrophages were plated onto the "2-integrin specific ligand ICAM-1 which is also present in 

the phagocytic synapse (Fig. 19c). In more than 60% of the macrophages, Vav3 (green) co-

localized with CD18 at focal adhesion sites as revealed by the yellow staining indicated with 

filled arrows. In contrast, no stringent co- localization of CD29 ("1-integrins) with Vav3 was 

observed when macrophages were plated onto fibronectin, suggesting that Vav3 is not 

involved in the "1-integrin-dependent adhesion but in the "2-integrin-dependent adhesion to 

ICAM-1 and therefore in the phagocytic cup formation (Fig. 19c). Collectively, the results 

presented here suggest that Vav3 in macrophages signals from "2-integrins to adhesion and 
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phagocytosis of apoptotic neutrophils leading to TGF-"1 production, which activates 

fibroblasts and wound healing. 

 

 

Fig. 19 Role of Vav3 in activation of """"2-integrins on MØs. 

(A) Binding of soluble ICAM-1 ("2-integrin ligand) to MØs. WT, Vav3-/- and CD18-/- MØs were 
unstimulated or stimulated with fMLP to trigger integrin conformational changes, then incubated with 
soluble ICAM-1/Fc of human IgG, followed FITC-anti-IgG. MØs incubated with human IgG served 
as controls. Results are given in RFU (relative fluorescent units) representing the ratio between the 
mean fluorescence intensities of MØs incubated with ICAM-1/Fc and MØs incubated with human IgG 
(not fused to ICAM-1) for each stimulation. Bars indicate means ± SD of triplicate measurements and 
are representative of three different experiments. **p <0.005, *** p <0.001 by Student’s t test. (B) 
Binding of soluble ICAM-1 activates Vav3 phosphorylation. WT and Vav3-/- MØs were stimulated 

with TNF# and plated on BSA (data not shown) or ICAM-1-coated wells for 0, 10 or 20 minutes. 
Cells were then lysed, Vav3 was immuno-precipitated, and tyrosine phosphorylation was checked 
using anti-pY (4G10) antibody. Total Vav3 protein levels served as a loading control. Vav3-/- MØs 

served as a control for Vav3 antibody. (C) Vav3 co-localizes with CD18 ("2-integrin) binding to 
ligand. WT MØs were plated for 15 minutes on ICAM-1 (upper panels) or fibronectin (lower panels). 
Cells were imaged with phase contrast (left-most panels) or confocal microscopy to visualize CD18 

("2-integrin)(upper panel) or CD29 ("1 integrin)(lower panel) (red) and Vav3 (green). Co-localization 
of CD18 and Vav3 at focal adhesion sites is indicated with yellow staining and arrowheads. No co-
localization was observed for CD29 and Vav3. 
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DISCUSSION 

The work presented here documents our investigations into the roles for Vav3 in macrophages 

and neutrophils. Evidence in the literature discussed below suggests that Vav family 

RhoGEFs are significant for phagocyte functions. Thus it was necessary to determine whether 

Vav1, Vav2, Vav3, or some combination of the 3 are required for basic phagocyte functions. 

When we found that Vav1 and Vav2 were not essential, we hypothesized that Vav3 would be 

required, either alone or in combination with the others. To test this hypothesis, assays of 

basic functions such as phagocytosis and ROS production were performed and in addition, in 

vivo models of peritonitis and wound healing were used. Our findings were that Vav3 has 

specific roles in both neutrophils and macrophages, although other groups have reported that 

only macrophages have specific Vav3 functions and neutrophils require either Vav1 or Vav3. 

The results from the wound healing studies point to a possible mechanism for Vav3 action by 

showing that this role for Vav3 is likely in signaling downstream of "2-integrins, to migration 

and adhesion. These findings are new and advance the field of wound healing by describing 

one of the molecular mechanisms involved in recruiting macrophages to wound sites. 

 

11.5 Specific roles for Vav1 in phagocytes 

These investigations into Vav-mutant phagocytes began with only Vav1 and Vav2 knockout 

mice since Vav3 mice were not yet available to us. It was determined that Vav2 was not 

highly expressed in myeloid cells and FACS analysis of BM-derived macrophages showed 

that neither Vav1 nor Vav2 was required for development of the populations (Figs 1,2). It was 

found that mutation of Vav1 alone did not affect macrophages. Basic macrophage functions 

such as phagocytosis and cytokine production were tested in Vav1-mutant macrophages but 

were normal (Fig. 3, data not shown). Moreover, combined mutations of Vav1 and Vav2 also 

had no effects on phagocytosis or TNF# production in macrophages, indicating that Vav2 is 

also not important for macrophages (Figs. 3,4). Some minor differences in migration of Vav1-

mutant neutrophils to fMLP and MIP2 were observed, although further testing showed that 

adhesion and actin polymerization to fMLP were normal in these cells (Fig. 5). Thus, we 

found no specific roles for Vav1 in phagocytes. However, several reports contradict this 

conclusion 71,81,82, while another supports it 36. 
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First, Patel et al. used dominant negative constructs of Vav1 to show the requirement for 

Vav1 in Fc!R-mediated phagocytosis, however, these results differ from ours and from 

recently published reports 36,37. These differences are likely due to the experimental system 

used, since Patel et al. used a cell line (J774.A1 cells), which may not reflect the exact 

signaling pathways used in primary macrophages. Also, the use of dominant negative 

constructs to inactivate a pathway is indiscriminate: for example, an SH2-SH3-SH2 partial 

Vav1 protein expressed in high amounts may bind to many receptors and may block other 

signaling proteins from compensating for Vav1. Other such signaling proteins that potentially 

control phagocytosis include Vav3, which would likely be blocked by dominant negative 

contructs of Vav1, or other GEFs. Several other GEFs control various signaling pathways in 

phagocytes, such as P-REX1 and #PIX 83,84. P-REX1 activates Rac GTPases and controls a 

subset of pathways in neutrophils, such as fMLP-induced actin polymerization and ROS 

production, and P-REX1-mutant neutrophils have mild defects in chemotaxis 84. The results 

presented here show similar results for Vav3-mutant neutrophils. Moreover, P-REX1 is 

responsive to PI3K activity, as has been shown for Vav1. Thus, it is possible that P-REX1 

activity can at least partially compensate for a lack of Vav proteins. It should also be noted 

that mutant mouse cells may also not accurately reflect “true” signaling in phagocytes since it 

is possible that the majority of cells that develop and survive in the absence of Vav proteins 

are altered in some way. For example, these aberrant cells may compensate for the lack of 

Vavs by upregulating expression of other Rac GEFs that can somewhat replace Vavs. 

 

Second, Kim et al. showed that Vav1 is required for fMLP-induced actin polymerization, in 

contrast to our finding that Vav1 was not necessary 71. Kim et al. also report that migration in 

Vav1-/- neutrophils is reduced to fMLP, however, the extent of the reduction is small and we 

would have described it as normal. Greater differences between wildtype and Vav1-/- 

neutrophils were reported in numbers of neutrophils in blood, and in ROS production to 

fMLP. Thus, it is possible that neutrophils are affected by the loss of Vav1 in ways that were 

not detectable with our assays. For example, we did not observe defects in Vav1-/- neutrophil 

migration in vitro in a transwell chamber, however, in more sensitive assays of neutrophil 

migration in vivo, Vav1 is required for normal neutrophil movement, as discussed below 76,82. 

In fact, this observation is echoed in the report by Graham et al., who note that they found 

normal migration of Vavnull neutrophils in vitro but defects in vivo, and they theorize that the 

mechanisms of migration in vitro are very different from those in tissue 36,76. In any case, 
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Vav1 neutrophils could have been more rigourously tested in order to better characterize any 

defects. However, Gakidis et al, report that they found no defects in Vav1-/- neutrophils in 

adhesion, spreading or chemotaxis. Thus, any differences are likely to be minimal compared 

to the phenotype of Vav3-/- neutrophils, described in more detail below. 

 

Third, Phillipson et al. showed that Vav1 controls a particular neutrophil movement necessary 

for neutrophil migration out of blood vessels. When neutrophils are under shear flow, they 

move perpendicular to the direction of the flow, probably to get to a junction faster since the 

endothelial cells are 4 or 5 times longer – in the direction of flow – than they are wide. 

However, Vav1-/- neutrophils were unable to move perpendicular to flow and were much less 

attached to the endothelium than WT neutrophils. Only their uropods were well attached and 

in this respect, their phenotype was worse than that of MacI-mutant neutrophils, which could 

attach to substrate but not crawl 82. Although Gakidis et al. found normal attachment of 

Vav1-/- neutrophils, Phillipson et al point out that Gakidis et al. only checked attachment over 

90 seconds, but the phenotype becomes obvious only at a later time point 82. Therefore, it is 

likely that Vav1 controls subtle functions that are apparent in the more sensitive in vitro 

experiments, but, the lack of strong phenotypes in the absence of Vav1 suggests that it is 

compensated for by its homolog, Vav3. 

 

11.6 Specific roles for Vav3 in phagocytes 

With the arrival of Vav3-mice, we were able to test Vav3-mutant phagocytes, and found that 

Vav3 is an important regulator of phagocyte functions. Expression analysis showed large 

amounts of Vav3 protein in bone marrow, DCs and Macrophages, with especially high levels 

in neutrophils (Fig. 6). Consistent with this expression data, numerous defects in Vav3-/- 

neutrophils were found. Migration of BM-derived neutrophils was defective on integrin 

ligands and collagen, and actin polymerization to fMLP was reduced (Figs. 7,8). Moreover, it 

was found that ROS production was strongly reduced in Vav3-/- neutrophils that were exposed 

to integrin ligands. Thus, Vav3 is required for transmitting signals from ligands such as LTB4 

and fMLP to activation of both "2- and "3-integrins (Fig. 9). These data do not distinguish 

between a role for Vav3 in “inside-out” signaling, that is from LTB4 or fMLP to inducing the 

adhesive, or “ready” form of the integrin, or in “outside-in” signaling. Based on the roles of 

GTPases in regulating actin reorganization, I would speculate that Vav proteins are required 

to attach integrins to actin cables, allowing the formation of focal complexes and contractile 
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forces that pull the cell along. This role for Vav would be consistent with slower migration 

and slower extravasation of Vavnull neutrophils, reported by Graham et al. It is also consistent 

with the lack of defects in directional sensing and polarization reported by Gakidis et al., 

since this role for Vav does not involve polarization of cells in the direction of chemokine, 

just the speed in getting to the chemokine. Finally, it would explain the shape changes of 

Vav1 neutrophils 74,82 and the inability of Vav1 neutrophils to forcefully move perpendicular 

to shear flow 82. These data, along with the wound healing results discussed below, identified 

specific roles for Vav3 in neutrophils that were not compensated for by Vav1. 

 

Supporting our hypothesis that Vav regulates cytoskeletal organization around integrins, two 

other groups reported defects in Vav-mutant macrophages. Wells et al. did not test Vav3, but 

found that Vav1 slows down migration and increases adhesive area while Vav2 restrains 

membrane ruffling and increases adhesive area 68. Bhavsar et al. reported that Vavnull 

macrophages have an elongated morphology and are less able to change direction than 

wildtype macrophages 85. Additionally, Vavnull macrophages are defective in adhesion and in 

adhesion-signaling to GTPases and MAPKs 85. From these findings, we would conclude that 

Vav1 and Vav3 regulate cytoskeletal functions in macrophages that may be downstream of 

integrins. 

 

Our finding that Vav3 alone is required for neutrophil functions differs from that of Gakidis et 

al., and Hall et al., who found that either Vav1 or Vav3 is required for neutrophil functions. 

As these groups and ours all used Vav knockout mice as an experimental system, the 

differences in our results may be due to differences in mouse production. Three main factors 

are responsible for different data produced using mouse knockouts of the same molecule: 

design of knockout construct, mouse background, and experimental design and conditions. 

Knockout constructs vary in ways that affect protein production in mice, with some constructs 

achieving only a partial knockout or affecting transcription levels of another gene located in 

proximity to the targeted gene. Another determinant of mouse differences is strain 

background. The mice used in these reports are on a mixed 129/B6 background, with 

probably more 129 due to intercrossing 36,37, whereas, the mice we used are predominantly on 

a B6 background. These strains are associated with a wide variety of specific immune traits 

that may influence the outcome of the phagocyte experiments conducted here. For example, 

whereas targeted deletion of the PECAM-1 selectin ligand greatly affects circulation of 
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neutrophils – especially in peritonitis, in all other mouse strains tested, B6 mice are able to 

somehow compensate for lack of PECAM in leukocyte extravasation 86. Thus it is possible 

that our B6 mice show different phenotypes than the 129 Vav knockout mice.  

 

11.7 Vav3 in peritonitis 

In our peritonitis model of leukocyte migration in vivo, we first observed that granulocytes, 

monocytes and macrophages are recruited in slightly larger numbers to the peritoneum 

following TG injection (Figs 10b, 11). Basal numbers of peritoneal Gr-1+ cells were higher in 

Vav3-/- mice compared to wildtype mice, while recruitment of Gr-1+ cells was slightly 

reduced in Vav3-/- mice at the important, early timepoints (Fig. 12). However, closer 

examination of the influx of cells revealed that numbers of resident macrophages and in-

migration of monocytes was somewhat increased, whereas in-migration of inflammatory 

macrophages was reduced. It is tempting to speculate that the inflammatory macrophages do 

not arrive in normal numbers in the PerC due to migration defects, and that the resident 

population in the PerC expands in response to the lower numbers of inflammatory 

macrophages. Taken together, these data present a picture of cells that are defective in 

trafficking, probably due to defective integrin signaling and/or cytoskeletal organization.  

 

Whereas we found moderate defects in macrophage migration into the peritoneum, we found 

normal numbers of neutrophil migration, similar to the report by Gakidis et al. that they found 

normal numbers of TG-induced neutrophil extravasation 36. They speculate that this is 

because either integrins are not required for responses to TG-induced peritonitis, or that TG 

can bypass Vav signaling in neutrophils, similar to phorbol esters. In support of their finding, 

two other groups report normal migration of Vav-mutant cells in in vivo immune responses. 

First, Vav1-/- T cells are recruited normally into antigenic tissue – despite “severe migratory 

defects” 87. Second, Vav1/Vav3 double knockout neutrophils are recruited to infection sites 

normally in the reverse passive Arthus reaction, although they fail to become activated and 

cause cytotoxic tissue damage 75. This finding is similar to our observation that Vav3-/- 

macrophages and neutrophils were recruited to the peritoneum in almost normal numbers but 

showed dramatic functional defects in the production of TNF# to LPS and IFN!, and in 

migration to apoptotic neutrophils (Fig. 13). Thus, loss of Vav proteins does not prevent in 

vivo recruitment of neutrophils but results in their defective activation. 

In summary, our findings show that Vav3 regulates multiple neutrophil functions that aren’t 

absolutely necessary for migration but that are required for activation of signaling outcomes. 
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This finding was surprising since given the roles for Vav proteins in regulating GTPases, it 

would have been expected that Vav proteins regulate migration, which is highly cytoskeleton-

dependent. Our hypothesis that Vav proteins link integrins and the cytoskeleton is supported 

by our finding that ROS production is severely compromised in Vav-mutant neutrophils on 

integrin ligands, however, we explore this idea further in the following section. It is possible 

that the lack of a phenotype for Vav1 in our experiments indicates that the effects of the loss 

of Vav are subtle and that our assays were not designed to detect subtle phenotypes, and this 

could have been planned differently. However, the subtle phentoypes of Vav1 and the more 

dramatic phenotypes of Vav3-mutant neutrophils did not greatly affect recruitment to the 

peritoneum, unlike for example, the dramatic reductions of migration to the peritoneum in 

CD18-mutant mice 88. The findings that Vav1 is not required for phagocyte functions and that 

Vav1 and Vav3 are not required for TG-induced peritonitis are supported by those of another 

group 36, however, we identify specific roles for Vav3 that they do not, possibly due to the 

mouse strain we used. Future experiments are required to test this idea, as well as identify 

whether Vav proteins are upstream of integrin activation (inside-out signaling) or downstream 

of integrin signaling (outside-in signaling). 

 

12  Vav3 is required in wound healing 

We next investigated the roles for Vav3 in another in vivo model of immune responses – that 

of wound healing. We found that Vav3 proteins were specifically required for proper healing 

of cutaneous full-thickness wounds, whereas their absence resulted in delayed and impaired 

wound closure (Fig. 14). This phenotype closely resembles the non-healing wounds in LAD1 

patients with functional mutations in the CD18 gene 89, and that of CD18-/- mice 22. Moreover, 

we found that the impaired wound closure in Vav3-/- mice is due to deficient formation of the 

"2-integrin-dependent phagocytic synapse between Vav3-/- macrophages and apoptotic 

neutrophil. The defective engulfment of neutrophils resulted in reduced release of active 

TGF-"1 from macrophages, leading to defective myofibroblast-driven wound contraction and 

reduced angiogenesis. In particular, during the phase of granulation tissue contraction and 

neo-angiogenesis at days 3 and 7 post-wounding, wounds were significantly larger in Vav3-/- 

and Vav1-/-Vav3-/- mice compared to WT. Thus, this work identifies a previously 

unrecognized role for Vav3 in macrophages, linking it to "2-integrin signaling in 

macrophages to repair and host defense.  
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12.1 Vav3 required for recruitment of macrophages to wound sites 

Macrophage recruitment at wound sites was reduced to a similar extent in Vav3-/- mice and 

Vav1-/-Vav3-/- mice, suggesting that Vav3 alone is critical for the macrophage extravasation to 

wound sites (Fig. 15). This data is in line with previous data implicating Vav3 in the control 

of cytoskeleton organization, polarization and spreading of osteoclast macrophages 49 or 

normal cell shape and adhesion 85, all critical functions for macrophage emigration. The role 

for Vav3 in signaling from integrins shown in Figures 7 and 9 (mild defects in migration or 

ROS production to integrin ligands) suggests that integrins are involved in monocyte 

migration to the wound sites. Typically, trans-migration of activated monocyte/macrophage 

subsets occurs independently of "2-integrins 22, but the recently described Ly6Clow Lfa-1+ 

subpopulation of mature monocytes depends on "2-integrins for emigration 90. Thus it would 

be interesting to determine if lack of Vav3 resulted in defective emigration of these integrin-

dependent Ly6Clow Lfa-1+ monocytes. These cells might also trigger the recruitment of other 

macrophage subsets 90, and this could explain the deficient macrophage recruitment. 

Alternatively, it could be that Vav3 functions in pathways involving "1 or "3 integrins, or 

pathways that do not depend on integrins at all. 

 

In contrast, we found that Vav3 and Vav1 are dispensable for the recruitment of neutrophils to 

wound sites. This result supports the findings discussed above that Vav proteins are not 

required for neutrophil recruitment in vivo 36,70. These results are surprising, since neutrophil 

migration is essentially mediated by "2-integrins signaling via Src/Syk-kinases in a number of 

inflammation models 20 including wound repair 55. Thus, our data indicates that Vav3 is not 

involved in the "2-integrin – Src/Syk-dependent neutrophil recruitment, but is required for 

macrophage recruitment to the wound site, or that Vav3 plays different roles in neutrophils 

than in macrophages. The normal recruitment of neutrophils to wound sites in Vav-mutant 

mice contrasts with the severe neutrophil recruitment defects of "2-integrin-/- (CD18-/-) mice. 

In Vav-mutant mice, failure of macrophages to be recruited and to phagocytose the 

neutrophils may mean that the dying neutrophils release proteases in the wound site, causing 

more extensive tissue damage than would be found in the CD18-/- wound site. This might be 

the cause of the slightly earlier onset of the delay in wound healing in Vav3-/- mice.  
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12.2 Vav3 required for macrophage phagocytosis of neutrophils 

This thesis defines the defective formation of the phagocytic attachment between Vav3-/- 

macrophage and apoptotic neutrophils (Fig. 16) as the major cause for the reduced release of 

active TGF-"1 and the resulting wound healing deficiency (Fig. 17). The requirement for 

Vav3 in both macrophages and neutrophils in this synapse was tested. Wildtype macrophages 

combined with Vav3-/- neutrophils reduced adhesion and phagocytosis only moderately. A 

much greater decrease in adhesion and phagocytosis was observed with Vav3-/- macrophages 

and wildtype neutrophils. Thus Vav3 contributes more to macrophage function than to 

neutrophil functions in adhesion, phagocytosis, release of active TGF-"1 and ROS production 

(Figs. 16,17). Since adhesion of target cells to phagocytes prior to engulfment contributes to 

the efficacy of cell uptake 22,79, the impaired attachment between neutrophils and Vav3-/- 

macrophages likely caused the defective phagocytosis. Collectively, these results demonstrate 

that Vav3 is required in macrophages for efficient cell-cell contacts and thus promotes 

engulfment of apoptotic neutrophils by macrophages. Vav3-deficiency leads to an inefficient 

macrophage-neutrophil attachment and impaired neutrophil uptake, resulting in decreased 

oxidative burst and reduced release of active TGF-"1 from macrophages. 

 

12.3 Vav3 regulates TGF-""""1 and ROS production 

TGF-"1 is the major growth factor to induce myofibroblast differentiation through specific 

binding to TGF-RII 91 92. TGF-"1 perpetuates and amplifies its response via an autocrine 

mechanism with up-regulation of TGF-RII and enhanced release of active TGF-"1 from 

myofibroblasts and inflammatory cells. Therefore, decreased TGF-"1 release from 

macrophages in the initial phases of wound healing will result in substantially amplified 

effects on myofibroblast differentiation and angiogenesis driving tissue repair 17 91. We 

demonstrate here that reduced active TGF-"1 in granulation tissue of Vav3-/- mice is the major 

pathogenic event in impaired wound healing. Importantly, TGF-"1 release from macrophages 

is induced by first phagocytosis of apoptotic neutrophils, and then the subsequent oxidative 

burst at wound sites 22 16.  

 

The exact mechanism for how integrin receptors signal through Vav3 to trigger release of 

active TGF-"1 from macrophages is not clear, although a strong possibility is that a Vav-

dependent ROS release is required for TGF-"1 production. Vav proteins are directly required 
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for activating Rac GTPases and for binding to members of the NADPH signaling complex 

leading to ROS production 70,73,93. Moreover, Rac activation of TGF%"1 has been reported to 

be mediated by reactive oxygen species 80. Alternately, it may be that Vav proteins regulate 

signaling protein complexes via reorganization of the cytoskeleton, such that proteins that 

normally work together do not achieve close contact without Vav, leading to a failure to 

activate signaling to TGF-"1.  

 

12.4 Vav3 signals from """"2-integrins 

The phenotypes of Vav3-/- and CD18-/- mice are almost identical, with delayed wound closure, 

defective phagocytic synapse formation and reduced release of active TGF-"1. This suggests 

that "2-integrins may preferentially control these key steps via the guanine-exchange-factor 

Vav3 in macrophage. Several lines of evidence support this view. First, "2-integrins are 

mandatory for the attachment-mediated phagocytosis of neutrophils by macrophages and for 

the phagocytic synapse formation. For this, binding of MacI (CD11b/CD18) on macrophages 

to its counter-receptor ICAM-1 on neutrophils and vice versa are essential 22. We showed here 

that Vav3-/- macrophages displayed a reduced adhesion to ICAM-1, indicating that Vav3 is a 

downstream target of CD18 (Fig. 18). In contrast, Vav3-/- macrophages adhesion to 

fibronectin, a "1-integrin-dependent ligand, was not altered, suggesting a specific role for 

Vav3 in "2-integrin-dependent macrophages adhesion (Fig. 18). Our finding that Vav3-/- 

macrophages revealed a severely reduced capacity to bind sICAM-1 when compared to WT 

macrophages supports this (Fig. 19a).  Second, binding of WT macrophages to ICAM-1, the 

major ligand for MacI in the phagocytic synapse resulted in the phosphorylation of Vav3, 

essentially required for Vav3 exchange activity and activation of Rho-GTPases (Fig. 19b). No 

phosphorylation of Vav3 was observed upon adhesion to fibronectin. Moreover, Vav3 

phosphorylation in response to macrophage adhesion to ICAM-1 was reduced in macrophages 

with reduced CD18 expression, further strengthening the role of Vav3 as a potential 

downstream target of "2-integrin-dependent signaling. Third, co-localization of CD18 and 

Vav3 specifically occurred in macrophages upon adhesion to ICAM-1, but not to the "1-

integrin ligand fibronectin (Fig. 19c). Together, these data present a strong argument for a 

role for Vav3 in signaling from "2-integrins on phagocytes to adhesion necessary for 

migration and phagocytosis. 
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12.5 Future Perspectives 

The findings presented here lead to a number of interesting avenues of exploration. The first 

future experiment to do would be to carefully analyze myeloid cell populations in Vav1-/- 

Vav3-/- double knockout mice to determine if there are any defects in development of these 

cell types, including the standard phagocytes analyzed here but also perhaps eosinophils, mast 

cells, basophils, and myeloid dendritic cells. In addition to FACS stains of these populations 

in the periphery, hematocrit analyzer could be used to compare blood populations including 

erythrocytes in WT and mutant mice. If defects were found, the analysis could be extended to 

bone marrow precursor populations. Any defects in populations should of course be 

immediately analysed, but even if none are found, it would be worthwhile to test some basic 

functions and localizations of cell types related to the phagocytes studies here, such as 

eosinophils or other monocytes subsets. The patrolling monocytes, for example, signal the 

start of an infection and must be able to extrasavate quickly 90. Thus if these migration 

functions are defective in Vav3 mice, these mice may be more susceptible to infections. These 

could be tested by infecting mice with bacteria that rely on monocyte for detection. 

Additionally, some pathogens specifically require neutrophils for clearance, such as 

Aspergillus fumigatus in the lungs. Alternately, there is a bacteria that specifically targets 

neutrophils and can live in them and reproduce: Anaplasma phagocytophilum. It would be 

interesting to assess the extent of this infection in Vav3 knockout mice. In addition to 

analyzing the Vav3 at the cell population level, the molecular signaling around Vav3 should 

be further studied to determine the exact molecular defects: for example, are GTPases 

important to phagocytes such as Rac2 mislocalized in the absence of Vav3? Are active 

GTPase levels detectable and if so, are they reduced in the absence of Vav3? What signaling 

intermediate is directly upstream of Vav3? It is most likely Syk kinase, since these are 

important for "2-integrin signaling, but a careful analysis of the signaling would support any 

defects identified at the cell population level. Finally, it would be informative to precisely 

identify whether Vav3 is required for inside-out signaling or outside-in signaling at integrins, 

or both. In conclusion, Vav3 has been revealed to be an important molecule in myeloid cells 

and investigating it further will surely lead to interesting discoveries that illuminate these cells 

that are so critical to the immune response. 
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MATERIALS 

13 Chemicals and reagents 

 

A  
3-Amino-9-ethylcarbazole Sigma 

Acrylamide solution Roth 
Agarose Applichem 

Ammoniumpersulfate (APS) Sigma 

Anti-TGF-"1 rbAb  Santa Cruz 
Anti-TGF-"RII rbAb  Santa Cruz Biotechnology Inc 

AP-substrate  B&D 

B  
Bacterial culture dishes Nunc 

Biopsy stamps (5 mm)  Stiefel 

Biotinylated anti-#-SM-1 IgG2a mAb  Dako 
Biotinylated F4/80 clone Cl:A3-1  Caltag 

Biotinylated goat anti-rabbit Ab  Dako 
Biotinylated GR-1 clone, RB6-8C5  BD Pharmingen 

Biotinylated rat anti-mouse TNF# mAb  Pharmingen 

Bovine serum albumin, fatty acid-free (BSA faf)  Sigma-Aldrich 

C  
Cell culture plates, 24-well  Nunc 
CMRA Invitrogen 

Collagen  Sigma-Aldrich 

D  
Dexamethasone Sigma 

2-7 Dichlorodihydrofluorescein diacetate  Sigma 
Dimethylsulfoxide (DMSO) Sigma 
Diethanolamine  Sigma 

Dulbecco’s Modified Eagle Medium (DMEM) Invitrogen 

E  

ECL Amersham 
ELISA plate F96 Maxisorp Nunc Immuno Plates Nunc 
ELISA Kit for murine TGF-"1  R&D Systems 

Ethidium bromide Roth 

Eukit O Kindler 

F  

Fibrinogen (Fbg) Sigma-aldrich 
Fibronectin (FN) Sigma-aldrich 

Fatty acid-free Bovine serum albumin (BSA faf)  Sigma-Aldrich 
F4/80 mAb  Pharmingen 

F4/80 TriColor (clone Cl:A3-1)  Caltag 

G  

Glucose 18% (1M) Gibco 
Glycine Applichem 
Gr-1 mAb Pharmingen 
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H  
Hank’s balance salt solution (HBSS) 10X  Gibco 

HEPES 1M Gibco 
Histopaque 1077 and 1119 Sigma 

Hybond N Amersham 

Hyperfilm ECL Amersham 

I  

Inactivated Fetal Calf Serum (FCS) Gibco 
Intracellular adhesion molecule I (ICAM-1) BD biosciences 

IPTG Sigma 

K  

Ketamine   

L  

L-Glutamine 200mM (100x) Invitrogen 
Ly6C-FITC   BD Pharmingen 

LysoSensor Green (pH-dependent fluorescent dye)  Biotech 

M  

2-Mercapto-ethanol Roth 

MacI mAb Pharmingen 
Macrophage inflammatory protein 2 (MIP-2) R&D 
MEM Nonessential amino acids (NEAA) Invitrogen 
Methanol   Sigma 
MgCl2 6 H2O  Sigma 
Murine formyl-Met-Leu-Phe (mfMLP) R&D 

Murine Leucotriene B4 (LTB4) R&D 

N  
NaH2PO4 Sigma 

P  
Paraffin Roth 
Paraformaldehyde  Roth 

Penicillin/Streptomycin liquid  Invitrogen 
Percoll  Sigma-Aldrich 

Phalloidin-FITC  Sigma 

Phosphate-buffer Saline (PBS) Gibco 
Propidium iodide (PI)  BD Pharmingen 

Purified rat anti-mouse TNF# mAb Pharmingen 

Plastic ware cell culture Nunc 

R  

Recombinant murine TNF#  Biotrend 

RIPA buffer  Boehringer 
RPMI-1640 Media Invitrogen 

S  
Sodium azide (NaN3)   Sigma 

Sterile water - endotoxin free  Sigma-Aldrich 

Streptavidin alkaline phosphatase conjugate  Amersham 
Streptavidin–biotin complex peroxidase  Dako 
SDS Applichem 
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T  
Tris-base Applichem 

Teflon bags  Nunc 
Thioglycolate powder  Sigma-Aldrich 

Transwell Plate  Costar 

Triton X-100 Roth 

Trypsin-EDTA  Invitrogen 

Tween-20  Applichem 

X  

Xylazine  Roth 

W  

Wattman DE81 cellulose acetate paper Hartenstein  
 

13.1 Cell lines 
NCTC clone 929 (L cell, L-929)     ATCC 
 
 

13.2 Antibodies for Western Blotting 

Antibody 
against 

 
Company 
 

Blocking Primary antibody Secondary antibody 

Vav1 Sigma 5% milk 1:5000 0.5% milk anti-rabbit 0.5% milk 
Vav2 NEB 5% milk 1:1000 0.5% milk anti-rabbit 0.5% milk 
Vav3 NEB 5% BSA 1:500 2% BSA anti-rabbit 2% BSA 
 

13.3 Antibodies for Flow cytometry 
 
Antibody against Company Antibody dilution Location of antigen 
MacI PE Pharmingen 0.5µl /106 cells surface 
Gr-1 FITC Pharmingen 0.5 µl /106 cells surface 
Ly6C FITC Pharmingen 0.5 µl /106 cells surface 
F4/80 APC Pharmingen 0.5 µl /106 cells surface 
F4/80 tricolor Caltag 0.5 µl /106 cells surface 
Phalloidin-FITC Sigma 0.5 µl /106 cells intracellular 
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METHODS 

14 Mice 

Generation of Vav1-/-, Vav2-/-, and Vav1-/- Vav2-/- mice is described elsewhere 33,35. Mice 

were crossed onto Bl/6 background for 5 generations and used for experiments at age of 8-20 

weeks as indicated. Vav3-/- mice were generated from a targeting vector constructed from 

129/Sv genomic DNA. Embryonic stem (ES) cells (strain 129/Sv) were electroporated with 

the vector and selected with 200 µg/mL G418 and 2 µM gancyclovir. Vav3+/- ES cell clones 

identified by Southern blot analysis were injected into C57BL/6J blastocysts to create 

chimeric mice that were used to obtain germline transmission of the disrupted Vav3 allele. 

Vav3 knockout mice were backcrossed to the C57BL/6J strain for 5 generations. All mice 

were bred and housed according to institutional guidelines.  

 

15 In vivo mouse models  

15.1 Thioglycolate (TG)-induced acute peritonitis model  

In all experiments, Vav3-/- mice and Wild-type (WT) control animals of the same genetic 

background (F5 generation C57BL/6j) and of the same age (8-10 weeks old) were used. 

To induce acute inflammation in the peritoneum, mice were injected intra-peritoneally (i.p.) 

with 1 ml of 3% thioglycolate broth (thioglycolate was prepared as suggested by the 

company: 3% dilution in distilled water). Mice were sacrificed at pre-determined timepoints 

by inhalation of a lethal dose of CO2. The peritoneal cavity was injected and lavaged with 

9 ml of cold 0.05% Typsin-EDTA in PBS. All peritoneal fluid was collected and total 

leukocyte numbers were analyzed using a flow cytometer BD FACScalibur system. Peritoneal 

cells were collected and re-suspended in FACS buffer (PBS + 2% FCS + 0.1% NaN3) at the 

concentration of 1 x 106 cells/ml. Cells were used for in vivo migration analysis, specific 

surface markers staining and functional assay. 

 

15.2 Wound healing model 

Prior to injury, mice were anaesthetized by intra-peritoneal injection of a solution of ketamine 

(10 g/l) and xylazine (8 g/l), to a final concentration of 10 $l/g body weight. After shaving the 

dorsal hair and cleaning the exposed skin with 70% ethanol, full-thickness (including the 

panniculus carnosus) excisional wounds were punched at two sites in the middle of the 

dorsum using 5-mm biopsy stamps (Stiefel, Offenbach, Germany). Each wound region was 
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digitally photographed at indicated time points, and wound areas were calculated using 

Photoshop® software (version 7.0; Adobe Systems, San Jose, CA). Wound sizes at any given 

time point after wounding were expressed as percentage of initial (day 0) wound area. 

Wounds were left uncovered and harvested with an 8-mm biopsy punch in mice cohorts of 

n=3 at indicated time points. For expression and cell migration analyses, two wounds from 

each animal were frozen in liquid nitrogen immediately after excision. 

 

16 Primary cell preparations 

16.1 Bone marrow (BM)-derived macrophages isolation  

Mice were sacrificed by CO2 and placed on dorsal-side down. A small excision was made on 

the inguinal part of the skin and was elongated to the ankle. Once the quadriceps were 

exposed, another incision was made to cut the ends of the muscle and, with the help of curved 

scissors, the femurs were dislocated and isolated. Surpluses of muscle were eliminated and 

the femurs were cleaned with a tissue, then washed in briefly with 70% alcohol, then in sterile 

medium (D-MEM) in order to disinfect the bones. BM-derived macrophages were obtained 

from the femurs of wildtype and Vav-mutant mice. Briefly, bones were flushed with a 21G 

syringe loaded with 10 ml of DMEM (Gibco, Germany). Cell suspensions were pelleted and 

re-suspended in saline solution at high concentration to induce osmotic shock and lysis of 

erythrocytes. Cells were then washed and re-suspended at a concentration  of 3 !106 cells 

/10ml and plated in dMEM supplemented with 10% heat-inactivated FCS (Gibco), 10% 

conditioned supernatant from L929 cells, 1% L-glutamine, penicillin/ streptomycin 100 U/100 

$g /ml and 1% non-essential amino acids (Gibco, Germany) in 10 cm bacterial culture dishes 

(Nunc) in a 5% CO2 atmosphere at 37°C. After 6 days, cells were removed from the dishes 

using either Versene, according to manufacturer’s directions, or with washing and then 

incubation on ice with ice-cold PBS (5-10 min), seeded onto 24-well cell-culture plates 

(Nunc, Roskilde, Denmark) at a concentration of 2 !105
 cells/well and cultured for an 

additional day before being used in experiments. 
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16.2 Fresh and apoptotic neutrophil preparation  

16.2.1 Solutions 

Hank's Buffered Salt Solution (HBSS) 1x  

10 ml HBSS 10X; 100 µl BSA-faf 10%; 200 µl HEPES 1M, 90 ml H2O (endotoxin free) 

 

HBSS 1x w/ glucose 

5ml HBSS 10X; 1ml HEPES 1M; 0,5ml BSA-faf 10%; 2,5ml Glucose 18% (1M); 41ml H2O 

(endotoxin free) 

 

HBSS 1x w/o glucose 

5ml HBSS 10X; 1ml HEPES 1M; 0,5ml BSA-faf 10%; 43,5 ml H2O (endotoxin free) 

 

NaCl 0,2%  

0,2 gr NaCl; 100 ml PBS (to filter) 

 

NaCl 1,2%  

1,2 gr NaCl ; 100 ml PBS (to filter) 

 

Solution for Percoll gradient 

81% Percoll (6ml); 4,86 ml Percoll; 0,6ml HBSS 10X prep; 0,54 ml H2O (endotoxin free) 

 

62% Percoll (5ml) 

3,1 ml Percoll; 0,5ml HBSS 10X prep; 1,4ml H2O (endotoxin free) 

 

55% Percoll (5ml) 

2,75 ml Percoll; 0,5ml HBSS 10X prep; 1,75ml H2O (endotoxin free) 

 

50% Percoll (5ml) 

2,5 ml Percoll; 0,5ml HBSS 10X prep; 2ml H2O (endotoxin free) 
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16.2.2 Bone marrow derived-Neutrophil preparation 

Bone marrow cells were flushed from femurs with HBSS 1x prepared with glucose and were 

diluted 3 x 106 cells/ ml in plain dMEM. Red blood cells lysis was performed by adding 3 ml 

NaCl 0,2% for 45 sec and then stopped with 7 ml NaCl 1,2%. Cell suspension was transferred 

to a new tube while leaving behind cell debris. Cells were pelleted by centrifugation (1500 

rpm 5´ at 10°C) and re-suspended in HBSS 1x prepared with glucose to wash them, followed 

by re-suspension in 3 ml of HBSS 1x  prepared without glucose and then layered on top of 

Percoll gradient columns using a Pasteur pipette. Percoll gradient columns were prepared in a 

15 ml falcon tube blue cap under sterile conditions by layering 4 levels of Percoll solutions 

with increasing % of Percoll. Starting from the bottom of the tube, the layers were 81%, 62%, 

55% and 50% Percoll in water. Preparation of the columns requires some care to avoid 

mixing the different phases. Also, columns must be kept at room temperature. Columns were 

run at 2700 rpm for 30 min at 10° C. After centrifugation, the cell layer formed between the 

81% and 62% Percoll containing purified neutrophils was collected and washed. Cell pellet 

was re-suspended in HBSS 1X prepared wit glucose. Cells were counted and re-suspended at 

the desired concentration in complete medium (HBSS 1x prepared without glucose, with 

added magnesium (1mM) and calcium (0,5mM) for migration or ROS assays). Fresh 

neutrophils were used for in vitro functional assays and for surface marker detection. In order 

to prepare apoptotic neutrophil, cells were suspended in PBS at a concentration of 3 x 106 

cells/ml and placed overnight in a cell incubator 5% CO2 and 37º C.  

 

16.3 Flow cytometry 

Single cell suspensions were prepared from the BM-derived macrophages and neutrophils or 

peritoneal elicited monocytes-macrophages and granulocytes. Samples were stained on ice for 

15-30 minutes in FACS buffer with FITC-labeled monoclonal antibody against Ly6C and 

Gr-1 and/or PE-labeled mAb against MacI or APC-labeled mAb against MacI. Cell surface 

marker expression was analyzed using a four-color flow cytometer (FACScalibur, Becton 

Dickinson) and quantified using Cell Quest software.  
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17 Functional assays 

17.1 In vitro macrophage adhesion to and phagocytosis of apoptotic 

neutrophils  

A modified phagocytic assay for quantification of uptake of apoptotic neutrophils by 

macrophages, which has been extensively described and validated was used in these studies 

16. BM cells were flushed from femurs and granulocytes were separated by density gradient 

centrifugation using Histopaque 1077 and 1119 (Sigma). After washing of isolated neutrophil, 

apoptotic neutrophils were generated by 22 h of incubation in PBS (Gibco, Karlsruhe, 

Germany) at 37°C, 5% CO2 in a humidified atmosphere. These conditions produced 

approximately >50% apoptotic neutrophils and <5% necrotic neutrophils, confirmed by 

FACS using annexin-V FITC and propidium iodide (PI) respectively (BD Pharmingen). 

Apoptotic neutrophils were added to macrophages that had been previously plated out onto 

24-well plates or glass chamber slides, at a target/effector ratio of >10/1. Prior to co-culturing, 

macrophages were stained with F4/80 TriColor (clone Cl:A3-1; Caltag) mAb and apoptotic 

neutrophils were loaded with CMRA. After interaction times of either 15 min for adhesion or 

45 min for phagocytosis, dishes were washed in cold (4° C) 0.9% saline solution to remove 

non-ingested neutrophil. The remaining cell conjugates were stained using Ly-6G FITC 

(clone 1A8; BD Pharmingen) to stain neutrophils that were still extra-cellularly adherent and 

not yet ingested, and then analyzed by FACS. Cell-conjugates gated for CMRA positivity 

were then further analyzed to detect expression of Ly-6G indicating binding of apoptotic 

neutrophils (Ly-6G+) to macrophages. Neutrophils already ingested by macrophages are only 

detected as CMRA+ but do not stain for Ly-6G. Neutrophil adherence to and phagocytosis by 

macrophages was also assessed using immunofluorescence microscopy. For this, apoptotic 

neutrophils (loaded with LysoSensor Green, a pH-dependent fluorescent dye) were incubated 

with macrophages for 15 min to assess adhesion and 45 min to investigate phagocytosis. After 

co-culture, non-adherent cells were washed and microscopic pictures were recorded digitally 

overlaying differential interference contrast (DIC, using Nomarsky optics) with fluorescence 

pictures. 

 

17.2 In vitro bone marrow-derived neutrophil adhesion assay  

Fibrinogen (0.1 mg/ml), fibronectin (20 µg/ml), ICAM-1 (4 µg/ml), collagen (20mg/ml) and 

BSA (1%) were diluted in PBS and were added to micro-titer wells and incubated overnight 

at 37°C. Unbound proteins were removed by washing and plates were blocked with 2% BSA 
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(Fatty acid-free, low endotoxin; Sigma-Aldrich) in PBS for 1-2 h at room temperature (RT). 

All coating steps were followed by three washes with PBS. Neutrophils were isolated from 

bone marrow and their purity was checked by FACS for MacI and Gr-1. Cells were diluted in 

HBSS with calcium (0,5 mM) and magnesium (1 mM) at a concentration of 8 x 106cells/ml 

and then distributed in 50 µl per well. fMLP and LTB4 were prepared in HBSS (Gibco, 

Germany) with addition of Mg2+ (0.1mM) and Ca2+ (0.1mM) to a concentration of 10mM and 

100nM respectively, then incubated at 37° C for some time, then added to cells and placed in 

an incubator. Adhesion was tested after 30 min and 1 h. Non-adherent cells were washed out 

with PBS and 150 ml of a substrate solution (p-nitrophenyl phosphate, Citrate buffer 0,1M (8 

ml), Triton-X100 0,1% (80 ml 10%), p-nitrophenil phosphate 15 mg/8 ml) was added and 

incubated for 1 h in the dark at RT. The reaction was blocked by adding 100 ml of NaOH and 

adhesion was measured with a plate micro-reader (Molecular devices, Spectramax 190) at OD 

450nm. 

 

17.3 In vitro cell migration assay  

Purified, isolated cells were diluted in migration medium (Migration medium: RPMI, HEPES 

10 mM (1:100), Penicillin/streptomycin (1:100), Glutamine (1:100), 0,25% fatty acid free 

BSA (Sigma A-7511)) at a concentration of 0.5 x 106 cells/ml for BM-derived neutrophils and 

2-3 x 106 cells/ml for bone marrow and blood-derived monocytes. Diluted cells were starved 

for 0.5-1h at 37°C. Transwells were equilibrated in the HBSS medium without FCS for 1-2 h 

(or overnight) at 37°C. After the equilibration period, the cell suspension was added to the 

upper chamber and migration medium alone, as a control for basal migration, or migration 

medium plus agonists were added to the lower chamber of the transwell unit. Cells were 

incubated in the migration chambers for 3h at 37°C and 5% CO2. Cells were then collected 

from the lower transwell chamber and stained for surface markers specific for cell 

populations: Gr-1 was used for neutrophils and Ly6c and MacI were used for monocytes. 

Cells were counted by FACScan for 30 seconds (in 30 µl) or 60 seconds at high speed, then 

diluted 1:10 and added to the upper chamber. After migration, cells recovered from the lower 

chamber were counted and a percentage migration was calculated based on the number of 

cells added to the upper chamber.  
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17.4 In vitro macrophage phagocytosis of latex beads 

Phagocytosis assays were performed using bone marrow macrophages. Fc!-receptor-

dependent phagocytosis was induced using IgG-coated beads. Cells were prepared as 

described above. Briefly, bone marrow (BM) cells were isolated from the femurs, red blood 

cell lysis was performed using hypo-osmosis and cells were diluted to 3 x 106 cells /ml in 

growing medium and seeded in Petri cell culture dishes. After 6 days of culturing, cells were 

collected and purity assessed by FACS against MacI mAb. Cells were diluted to 10 x 106 

cells/ml of phagocytosis medium and seeded in 24 well plates. Functional assays were 

performed after 1 day of further culturing to let the cells recover from treatment that could 

have altered expression of surface molecules. All steps of the procedure until cells were 

collected to assay phagocytosis by FACS were performed on ice to prevent non-specific 

phagocytosis. IgG-coated FITC-labeled latex beads were added to the cells for timer intervals 

of 30 sec, 5 min, 10min and 15 min. Phagocytosis was blocked by adding cold PBS, cells 

were collected and counted with FACScalibur system (BD). Phagocytosis was calculated as a 

percentage of FITC-positive cells. 
 

17.5 In vitro macrophage phagocytosis of apoptotic neutrophils 

Cultured macrophages were allowed to adhere onto 24-well cell culture plates (Nunc) before 

addition of CMRA-labelled apoptotic neutrophils at a macrophage/neutrophil ratio of 1:10. 

After 15min of co-culture for adhesion and 45min for phagocytosis, non-adherent neutrophils 

were removed with cold PBS. Remaining cells were collected by scraping, stained for F4/80, 

and the percentage of macrophages that were either adherent to neutrophils or that had 

phagoctosed neutrophils  was determined by counting CMRA+ F4/80+ macrophage conjugates 

by FACS. 
 

17.6 In vitro macrophage adhesion assay 

96-well cell culture plates (Nunc) were coated with 20 mg/ml fibronectin (BD Biosciences) or 

with 20 mg/ml rmICAM-1 (source) overnight at 4° C. 0.1% BSA-coated wells served as 

controls for non-specific adhesion. CMFDA-labelled macrophages that were pre-activated 

with 10 ng/ml TNF# (PeproTech) were seeded onto the coated plates at 5 x 104 cells/well, 

placed on ice for a short time to synchronize adhesion and then incubated at 37°C for 15min 

to induce adhesion. Non-adherent cells were rigorously washed with PBS. Adhesion was 

assessed as a percentage of fluorescence intensity related to total input macrophages (100%) 

measured at 485 nm with a Twinkle LB970 Fluorometer (Berthold Technologies). 
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18 Biochemistry 

18.1 Enzyme-based immunoassay (ELISA)-Based Cytokine Detection 

Flat-bottom Maxisorp-Immuno ELISA plates (Nunc) were first prepared by applying capture 

antibody (purified rat anti-mouse –TNF# mono Ab). This was diluted in coating buffer (0.1 

M Na2HPO4, pH 6) at a working concentration of  2-5 µg/ml and distributed in ELISA plate 

wells, 50 µl of diluted solution/well. The plate was covered in order to prevent evaporation 

and was incubated overnight at +4° C. Coated plates could then be used immediately or stored 

for up to 3 days. Just before use, the capture antibody solution was removed and in order to 

avoid non-specific binding, 100 µl of Blocking buffer was added per well. The plate was 

covered and incubated at room temperature for 1-2 h or overnight at +4°C. Plates were then 

washed 2-3 times with washing buffer (1 ml of 50% Tween-20 in 1 l  PBS + 0.01% NaN3, 

made fresh) and standards and samples (diluted in blocking buffer with 0.05% Tween-20) 

were added at 50-100 µl per well.  

 

Standard dilution and preparation  

Stock solutions were diluted by 3 as shown in the table below in order to produced a 

calibration grid and add in duplicates to ELISA plates (50 µl /well). 

 

 TNF# concentration 

Dilution 20 ng/ml 

Concentration ‘A’ 20000 pg/ml 

Concentration ‘B’ 3333 pg/ml 

Concentration ‘C’ 1111 pg/ml 

Concentration ‘D’ 370,33 pg/ml 

Concentration ‘E’ 123,44 pg/ml 

Concentration ‘F’ 41,14 pg/ml 

Concentration ‘G’ 13,72 pg/ml 

Concentration ‘H’ 0 pg/ml (Buffer only) 

 

Sample preparation 

Cell culture supernatants were diluted and added to the wells (50-100 µl/well). Sample plates 

and standard plates were incubated in a wet chamber for at least 3-4 h at room temperature 

(shaking) or overnight at +4°C. Reaction was blocked by washing 3 times with washing 
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buffer. Biotinylated anti-cytokine detection antibody, diluted 1:1000 in blocking buffer with 

0.05% Tween-20, was added to each well in a volume of  50 µl. The plates were again 

incubated in wet chambers for at least 1h at RT, followed by 3 washing steps. Diluted 

streptavidin-AP (1:2000-2500 in Blocking buffer with 0.05% Tween-20) was added (50 µl 

per well) plates were incubated in a wet chamber at RT for 30-60 min only to avoid non-

specific binding induced by longer incubation times (more than 2h). Plates were then washed 

7-10 times with washing buffer to eliminate all the non-specific binding. Freshly prepared 

substrate solution was added (100 µl/well) and plates were incubated in a covered, light-proof 

wet chamber for variable times, depending on the strength of the reaction. Times varied from 

15 minutes to overnight. Optical density was read with a microplate reader set to 405 nm at 

different time intervals (15 min – 12 h) to detect formation of the colored product. Cytokine 

concentration calculations were performed based on the standards curve. 

 

Assessment of TGF-""""1111 release from tissue lysates 

Co-cultures of neutrophils and macrophages were prepared as described above. Supernatants 

were harvested at 3, 16, 24 h, and additionally at 48 and 72 h after starting of co-cultures to 

observe time-dependent accumulation of cytokines. All supernatants were frozen at "80°C. 

To quantify TGF-"1 in wound tissues, lysates were prepared from wound tissues snap-frozen 

in liquid nitrogen. Frozen samples were ground using a micro-dismembrator (Braun Biotech 

International, Göttingen, Germany), and re-suspended in homogenizing RIPA buffer 

(Boehringer, Mannheim, Germany) at 100 mg/ml. The homogenate was centrifuged at 14 000 

rpm for 20 min at 4°C. The supernatants were collected and stored at -80°C for ELISA 

analysis. ELISAs for murine TGF-"1 were then performed according to the manufacturer's 

protocols (R&D Systems). Activation of latent TGF-"1 complexes is an important step that 

regulates TGF-"1 functions in vivo. To assess the total TGF-"1 contained in the samples, 

acidification was carried out by adding 1 N HCl to cell culture supernatants, or 2.5 N acetic 

acid/10 M urea to tissue lysates. After incubation for 10 min at RT, samples were neutralized 

by adding 1.2 N NaOH/0.5 M HEPES or 2.7 N NaOH/1 M HEPES, respectively. In order to 

detect TGF-"1 already released from latent binding complexes and thus active at the time of 

sample collection, measurements were made without prior acidification. 
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18.2 ROS production by bone marrow-derived neutrophils  

Coating wells on plates 

Substrates were diluted in PBS, distributed (100 µl/well) and incubate overnight in the fridge. 

After coating reaction with ICAM-1, Fibronectin (FN), or other, substrate buffer was 

aspirated 100 µl of 1% BSA  was added to each well to block non-specific binding and 

incubated for 2 h in the incubator at 37°C . Blocking reaction was followed by washing with 

PBS.  

 

Cell preparation, stimulation and ROS detection 

Neutrophils were isolated from bone marrow using a Percoll gradient as described above. 

Cells were counted and diluted at the concentration of 3-4 x 106 cells/ml in HBSS2+ (0.1mM 

Calcium and Magnesium). 2-7 dichlorodihydrofluorescein diacetate (Sigma D6883) diluted to 

a concentration of 1 mg/ml was added to the cells. This cell-permeable reagent reacts with 

ROS and is converted to a fluorescent product. Stimulation was activated by adding soluble 

agonist such as fMLP diluted in stimulation medium to a working concentration (fMLP 

10mM). Following activation, cells in suspension were distributed in coated wells (100 

µl/well). Cells were briefly incubated at RT for 5 min to allow them to settle to the bottom of 

the wells. Plates were then incubated at 37°C. ROS production was measured using a 

microtiter reader at timepoints of 15, 30, 60, 90 and 120 minutes. ROS were calculated as a 

percentage increase compared to controls (BSA-coated wells). 

 

ROS production during macrophages adhesion on apoptotic neutrophils 

WT and Vav3-/- macrophages loaded with the ROS-sensitive fluorescence quenched substrate 

5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (Sigma) were incubated with 

apoptotic neutrophils at 1:10 ratio for 180 min at 37°C. The increase in green fluorescence 

intensity reflecting oxidative burst was measured by fluorometry. 
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18.3 Actin polymerization detection 

Phalloidin-FITC (Sigma, P-5282) was used to analyze the amount of filamentous actin (F-

actin) in cells. A stock solution of 0.5mg/ml in methanol and was prepared and stored at -

20°C, protected from light. Neutrophils were re-suspended in RPMI-1640 supplemented with 

0.1% BSA at a concentration of 107 cells/ml and starved for 0.5-1 h at 37°C. Before 

stimulation, cells were gently mixed and incubated for 2-3 min. Agonists were added in 10µl 

of PBS to microfuge tubes and pre-warmed for 2-3 minutes at 37°C. All stimulations were 

performed at 37°C. Cells in suspension in a volume of 60-70µl were added to microfuge tubes 

for stimulation and gently mixed by pipetting up and down once or twice only. Reactions 

were stopped with the addition of 300 µl of 4% paraformaldehyde.  

 

Cells fixation and permeabilization 

Cells were fixed by incubating in 4% paraformaldehyde for at least 10 min at RT, or 

overnight at +4°C. Fixed cells were then washed with the addition of 1 ml of PBS and 

centrifuged for 30-40 seconds at full speed. Cells were then permeabilized by re-suspending 

pellets in ~300µl of 0.1% ice-cold Triton X-100 in PBS and incubated on ice for 10 minutes. 

Cells were then washed in 1 ml of cold FACS buffer and centrifuged for 30-40 seconds at full 

speed. 

 

Cells staining 

Cell pellets were then re-suspended in 50 µl of staining solution (1.5 – 1.7 µg/ml phalloidin-

FITC) for F-actin staining and incubated for 30 min at RT in the dark. 300µl of FACS buffer 

was then added to each tube and cells were analyzed by FACS. For FACS Analysis, results 

were calculated by measuring  FL-1 (FITC) mean fluorescence intensity on cells gated on FL-

2, FL-3 or FL-4. Mean fluorescent intensity (MFI) was then displayed on the Y-axis as 

“DFMI”, or the difference in MFI of un-stimulated cells subtracted from the MFI stimulated 

cells as a function of time. 
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18.4 Western blotting 

Solutions 

5x Loading buffer (0,16 M Tris-HCl pH 6.8, 5% SDS, 25% Glycerol, 0,025% bromophenol 

blue, 12,6% "-mercaptoethanol) 

Electrophoresis buffer (1x) (0,25 M Tris-Base, 1,92 M Glycine, 1% SDS) 

Transfer Buffer (prepared as 1x) (0,25 M Tris-Base, 1,92 M Glycine, 20% Methanol) 

Tris-Buffered Saline (TBS) (25x) (0,25 M Tris-Base, 3,75 M NaCl, pH to 8) 

Stripping Buffer (62,5 mM Tris-HCl pH 6.7, 2% SDS, 100 mM "-mercaptoethanol) 

 

Preparation of gel 

Vertical gels were cast between 2 glass plates with an internal thickness of 1.0 mm. The 

acrylamide mix was poured and left to polymerize for at least 30 min at RT. The gels were 

composed of two layers: a 7.5-15% separating gel (pH 8.8) that separates the proteins 

according to size; and a lower percentage (4.5%) stacking gel (pH 6.8) that insures the 

proteins’ simultaneous entry into the separating gel at the same height. The separating gel was 

poured between two glass plates, leaving a space of about 1cm plus the length of the teeth of 

the comb. Ethanol was added to the surface of the gel to exclude air. After the separating gel 

was polymerized, the ethanol was removed. The stacking gel was poured on top of the 

separating gel, the comb inserted, and the gel allowed to polymerize. The Biorad Miniprotean 

system with was assembled with 1x electrophoresis buffer. The samples were loaded into the 

wells of the gel and running buffer was added to the chamber and a current of 25 mA was 

applied.  

 

Stacking gel buffer: 

0.25M Tris-HCl pH 6.8 

Running gel buffer: 

0.75M Tris-HCl pH 8.8 

 Running gel Stacking gel 
 7,5% 10% 12.5% 15% 4.5% 
Acrylamide 1418µl 1890µl 2350µl 2836µl 375µl 
H2O 1148µl 675µl 216µl 0 788µl 
Running buffer 2820µl 2820µl 2820µl 2550µl 1250µl 
APS 10mg/ml 140µl 140µl 140µl 140µl 63µl 
SDS 10% 112µl 112µl 112µl 112µl 25µl 
TEMED 10µl 10µl 10µl 10µl 5µl 
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Immunoblotting 

After the cell extracts were subjected to SDS-PAGE, proteins were transferred by 

electroblotting to a nitrocellulose membrane (BA85, Schleicher & Schuell) at 15V in transfer 

buffer for 50 min. Ponceau S fixative dye solution (Sigma) was used to check if the transfer 

occurred properly. The blot was incubated in Ponceau S for 5 min to visualize, and then dye 

was washed off with de-ionized water. Membranes were then blocked for 1 hour at RT in 

blocking buffer (5% skim milk or 5% BSA in TBS + 0.05% Tween-20). Blots were briefly 

washed with TBS-T and incubated with the appropriate primary antibody and incubated 

overnight at 4° C with gentle agitation. Membranes were then washed 3 x 10minutes with 

TBS-T plus either 0.5% milk or 2% BSA (the same as for the secondary antibody dilution as 

listed under 14.4). Membranes were incubated with either anti-mouse conjugated to 

horseradish peroxidase (HRP) 1:10000 (Amersham) or anti-rabbit-HRP 1:8000 (Amersham) 

for 1 hour at room temperature with gentle agitation. Membranes were again washed 3 x 10 

minutes with TBS-T. Horseradish peroxidase-linked secondary antibodies were detected by 

chemiluminescence (Pierce or Amersham). 

 

Immunoblot stripping 

Primary and secondary antibodies were stripped from membranes in order to re-probe 

samples with alternate antibodies. Membranes were incubated in stripping buffer for 30 min 

at 50°C, washed 3 x with TBS-T, and re-probed as described above. 

 

18.5 Vav3 immunoprecipitation  

Macrophages were starved for 48h in 0.5% FCS-containing DMEM, plated on ICAM-1 or 

fibronectin-coated plates and incubated to enable adherence to the plates. At indicated time-

points, non-adherent cells were washed off the plate using ice-cold PBS, and adherent 

macrophages were lysed in ice-cold lysis buffer (50mM Tris-Cl pH 7.6, 150mM NaCl, 10mM 

NaF, 2mM Na3VO4, 10% glycerol, 1% NP-40, 1mM EDTA and protease inhibitor cocktail 

(Roche)) for 10min. Crude lysates were cleared by centrifugation at 500 G. Protein lysates 

were incubated with 3 µg anti-Vav3 Ab and a 50:50 slurry of protein A-conjugated Sepharose 

beads (Amersham Biosciences) were rotated at 4°C for 4h. Immuno-precipitates were washed 

4 times, re-suspended in SDS sample buffer, resolved by SDS-PAGE and transferred to 

nitrocellulose membranes. Membranes were probed with anti-Phosphotyrosine Ab (Upstate). 
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18.6 Immunohistochemistry 

Wound granulation tissues were fixed in 4% neutral buffered formalin and embedded in 

paraffin. De-paraffinized sections of 4 µm were immersed in methanol containing 0.5% H2O2 

for 10 min. Sections were incubated with primary Ab either overnight at 4°C (anti-TGF-"RII, 

rbAb; Santa Cruz Biotechnology Inc., Heidelberg, Germany) or for 60 min at room 

temperature (RT) (anti-TGF-"1; rbAb, Santa Cruz), followed by 30-min incubation with a 

secondary biotinylated goat anti-rabbit Ab (Dako, Hamburg, Germany). #%SMA expression 

was probed with biotinylated anti-#-SM-1 (IgG2a mAb, (Skalli et al, 1986) for 60 min at RT. 

neutrophils were detected using biotinylated Gr-1 (clone RB6-8C5; BD Pharmingen, 

Heidelberg, Germany), macrophages with biotinylated F4/80 (clone Cl:A3-1; Caltag, 

Hamburg, Germany) for 60 min at RT. Biotinylated Ab were detected by means of the 

streptavidin–biotin complex peroxidase method (Dako) and peroxidase activity was 

visualized with 3-amino-9-ethylcarbazole (Sigma, Taufkirchen, Germany). Slides were 

counterstained with haematoxylin and mounted in Eukit (O Kindler, Ochsenfurt, Germany). 

Pictures were acquired using a Zeiss Axiophot microscope (Carl Zeiss Inc., Oberkochen, 

Germany), with a digital color camera and corresponding software (Axiocam®, Zeiss). All 

images were processed for printing using Adobe Photoshop® software. 

 

18.7 Binding of soluble ICAM-1 

Bone-marrow-derived WT and Vav3-/- un-stimulated (resting) or stimulated (with 100nM 

fMLP, 100nM LTB4 (Sigma-Aldrich) or 50 ng/ml TNF# (eBioscience)) macrophages were 

incubated with 5g recombinant murine ICAM-1 fused to the Fc region of human IgG 

(ICAM-1/Fc) (R&D Systems) in 100 µl binding buffer (PBS, 2mM MgCl2, 1 mM CaCl2, 1 

mM D-Glucose and 0,1% BSA) at 37°C under continuous agitation. Macrophage incubated 

with human IgG served as controls. After 10 min of incubation, macrophages were 

immediately fixed on ice in 3.7% paraformaldehyde for 10 min, washed 3 times in PBS and 

labeled with FITC-conjugated F(ab’) anti-human IgG to detect bound ICAM-1 on 

macrophages by flow cytometry analysis. Binding of ICAM-1/Fc was assessed as a ratio 

between the mean green fluorescence intensities of macrophages incubated with ICAM-1/Fc 

and macrophages incubated with human IgG for each stimulation. 
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19 Statistical analysis 

Quantitative data is presented as mean values standard deviation (SD). Statistical significance 

was determined by means of the two-tailed Student's t test, or the Mann-Whitney U test in 

cases of a non-Gaussian distribution. P <0.05 was considered to be statistically significant. 
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